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Preface 


The study of cell membranes began to attract increasing interest before 
the turn of the present century with the observations of Overton. Since that 
time many investigators have become interested in the broad problem of 
structure and function of the membrane and today we find ourselves at 
a stage in which several branches of research, particularly physical 
chemistry, biochemistry, biophysics, physiology and pharmacology have 
come together, leading to the possibility of obtaining a better perspective 
of the overall problems. 

The purpose of this Symposium was to assemble in an orderly sequence 
representations of the knowledge of membranes achieved to date in the 
areas of the various disciplines. It was thought that to bring together many 
points of view on a problem should allow the conferees to see better what 
had been accomplished, what has been overlooked and what needs further 
development. It is to be hoped that efforts of this type have and will fulfill 
the desired purpose. 

This volume contains the majority of the papers contributed by the 
participants in the Symposium. In addition, it seemed logical to place at 
the beginning of each chapter at least one general survey of the subject 
which would help those who were less acquainted with the problem to derive 
the most benefit from their reading. 

It is planned that the present Symposium will be followed by others in 
future years. The continuing purpose will be to bring together investigators 
from different branches of the various sciences involved in the study of 
membranes, and to discuss from every possible point of view the major 
advances in cellular membrane research achieved over the previous 2 or 
3 years. We hope that these sessions will stimulate more research, both 
theoretical and practical, and assist in the advance of the understanding 
of membranes. 

We are pleased to acknowledge the financial support of the Italian 
Ministry of Public Education, the Air Force Office of Scientific Research, 
Washington, D.C., U.S.A. *, the Laboratorio Biologico Zanoni, Milano, Italia, 
and of many other Italian and Swiss institutions. 

Villa Falconieri was offered by the Italian Ministry of Public Education. 


Liana Bolis 
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Universita di Roma 











Introduction 


All the evidence available indicates that cells are in principle simple. 
They are built of two basic structural units: macromolecules on the one 
hand, and lipid bilayers on the other hand. All the more complex structures 
of cells are built from these two fundamental units. The macromolecules 
serve e.g. as structural units, information stores, enzymes, contractile units, 
etc. The membranes serve to subdivide the cell into regions of different 
chemical function, as transducers, as impulse conductors, and to insulate 
the cell from and communicate with the environment, etc. 

The conclusion that there are numerous membranes within the cell, all 
likely te be bimolecular lipid layers, is principally based on electron micro- 
scopy. However, inherent weaknesses in electron microscopy make it dif- 
ficult to come to final conclusions concerning the exact molecular structure 
of such membranes. Consequently we depend heavily on other studies, both 
physiological and theoretical. 

Although lipid bilayers can exist in the absence of any other component, 
within cells they normally bear upon both surfaces an array of macromole- 
cules, mostly protein. These proteins are probably responsible for most of 
the physiologically interesting properties of the membranes, including 
enzyme action, active transport and facilitated diffusion, receptor proper- 
ties, etc. The exact details of the two dimensional array of macromolecules 
are thus of outstanding interest to us. As we explore these arrays we are 
likely to find the detailed basis of many complex cellular activities. We 
may instance involvement of cell surfaces in embryogenesis, and perhaps 
shall find that in these arrays lies the physical basis of memory. 


But certain basic properties lie mainly with the lipid bilayer. In a paper 
to appear in the Journal of Theoretical Biology I have shown that, if one 
considers the free energy of lipid layers, there is a sharp minimum in free 
energy at the bilayer. Deviation from the bilayer, whether to greater or 
lesser thicknesses, results in a sharp increase in free energy. Thus the lipid 
bilayer is a natural unit of structure, arising spontaneously just as does 
the helix in proteins, or the two-stranded helix with DNA. The hydrocarbon 
portion of the lipid bilayer defines basic levels of permeation, conductance 
and impedance. The physical state of the lipid molecules in the membrane 
must therefore be expected to range between fairly narrow limits. For 
example in many instances, although the detailed fatty acid composition 
of the membrane may vary between wide limits, there appears to be a 
requirement for an overall cohesion pressure in many cases similar to that 
found with dimyristoyl phospholipids. 
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In this meeting we have outlined, collectively, many of the major areas 
of research for the next decade. On the experimental side, the isolation in 
pure state of membrane macromolecules exceeds any other in importance. 
On the theoretical side, the evaluation of intermolecular forces between 
membrane components, and establishment of the dynamic equilibria result- 
ing from the balance between these cohesive forces and the disruptive effect 
of thermal agitation, is the central problem. 


J. F. Danielli 


Center for Theoretical Biology 
State University of New York at Buffalo 
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Transport of Metabolites 
By 
E. Tria and O. Barnabei 


Institute of General Physiology, University of Rome, and Institute of General 
Physiology, University of Ferrara, Italy 


I. Introduction 


Transport phenomena have a fundamental role in cellular activity. The 
evidence of a limiting barrier is given by the fact that the content of living 
cells differs from that of the medium. In most cases the concentration of 
K+ in the cell is ten or more times higher than that of Na+, even in cells 
immersed in a medium where Nat concentration exceeds K+. As F en n (1940) 
has put it “potassium is of the soil and not of the sea; it is of the cell wut 
not of the sap”. 

Just as chemistry, as Harvey [1] wrote, could not have developed with- 
out test tubes to hold reacting substances, so the organism could not have 
evolved without relatively impermeable membranes to surround the cell 
constituents. This barrier between the inside and the outside, the inner and 
external world of each living unit, has long been and must always be con- 
sidered one of the fundamental structures of a cell. 

The plasma membrane theory was further supported by the observation 
of Baker, Hodgkin and Shaw [2] who extruded out the axoplasm 
from squid axon and filled the empty sleeve with a potassium salt solution. 
The axon manifested normal behaviour as far as the resting potential and 
excitability were concerned. Hof f mann [3] prepared red cell ghosts that 
pumped Na+ if ATP was incorporated inside and K+ was present outside. 

A given substance may penetrate a membrane by: 

a) free diffusion, 

b) diffusion through pores, 

c) pinocytosis (phagocytosis, vesiculation), 

d) carrier mediated mechanism, which could perform either a 
passive facilitated diffusion or an active transport, provided an energy- 
driven, enzyme-catalyzed mechanism could achieve a gradient of free carrier 
across the membrane. 

In active transport the free energy of the substrate increases at the expense 
of metabolic energy produced by the cell. The mode of conversion of the 
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chemical energy into “osmotic” energy is the subject of extensive investiga- 
tion. Of the different theories offered, four are the most important [4]: 

a) the utilization of the high energy bond of ATP by a specific ATP-ase; 

b) the utilization of the energy released while electrons flow down the 
cytochrome chain; 

c) mechanical energy delivered through the contraction of the membrane; 

d) electric field produced by free radicals. 

The view that ATP is required for the active transport of ions has gained 
credit because of the analogy with its role in other energy-requiring systems 
and from theoretical considerations concerning its high energy bonds. Thus 
there is unequivocal evidence that alkali metal ion transport in red cells 
can ‘be driven ‘by added ATP [5] and that arginine phosphate injected into 
squid giant axons can deliver energy for the active extrusion of sodium 
ions [6]. In other cases the evidence for involvement of energy-rich phosphate 
bonds is more indirect. Thus the active transport of sodium ions through 
frog skin is abolished by uncouplers of oxidative phosphorylation such as 
dinitrophenol. Similarly, in the giant axons of Sepia officinalis and Loligo 
forbesii Hodgkin and Keynes [7] found that the efflux of labelled 
sodium and the influx of labelled potassium are both markedly reduced after 
exposure to 2,4-dinitrophenol, cyanide or azide. 

The higher rates of transport found in an O2 rather than in a Ne atmos- 
phere are no doubt due to the greater supply of ATP available. This 
availability in turn results from the higher efficiency of respiration over 
glycolysis in generating ATP [8]. Active transport under both aerobic and 
anaerobic conditions has been found in duck red cells, seminal vescicle 
mucnsa, frog skin, and mouse ascites tumor cells. Other tissues which possess 
the ability to transport Na+ and K+ actively under anaerobic conditions are 
slices of kidney cortex and liver from newborn animals. Another type of 
indirect evidence for the involvement of ATP in active sodium transport is 
the demonstration of sodium activated ATP-ases in membrane fractions from 
numerous kinds of sodium transporting cells, which will be discussed 
later. 

ATP may be considered one of the links between cell metabolism and 
active transport. Mitochondria are the major sites of ATP synthesis and 
there must be a movement of ATP from them to the cell membrane where 
it is utilized and, conversely, a movement of ADP from the cell membrane 
to mitochondria. Chance and Williams [9] have shown that the rate 
of respiration in mitochondria is controlled by the concentration of ADP, 
which acts as phosphate acceptor in oxidative phosphorylation. 

On the other hand, the rate of formation of ADP is partly regulated by 
ihe rate of the active transport of cations. The ATP-ase of the membrane 
is, therefore, one of the factors regulating the relative concentrations of ATP 
and ADP in the cell. 

A high ATP-ase activity will cause a raised ADP concentration and hence 
a high rate of respiration. Conversely, if ATP-ase of the cell is partially 
inactive, the turnover of ATP will be lowered, and a fall in the rate of 
respiration is to be expected. 
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II. Hormones and Transport of Metabolites Across 
Biological Membranes 

Several hormones, including insulin, neurohypophyseal hormones, growth 
hormone, aldosterone, glucocorticoids, and estradiol have been studied in rela- 
tion to their effects on the permeability characteristics of living membranes. 
Indeed it seems at present that most biological actions of insulin, aldesterone 
and antidiuretic hormone can be ascribed to their action on cell membrane. 

The increased penetration of sugars into the muscle cells, induced by 
insulin and first described by Levine and Goldstein in 1949, has been 
widely confirmed. According to Edelman et al. [10], the permeability 
change caused by the hormone is initiated by a thiodisulfide interchange 
reaction between the disulfide bond of the hormone and the thio groups of 
the membrane. 

In the past the possibility that insulin might exert its action on the hexo- 
kinase reaction was widely investigated. Hernandez and Sols [i1| 
recently examined, in adipose tissue, the substrate specificity of hexose 
uptake and that of hexokinase. They found that the two were different, 
indicating that there is a specific transport step before phophorylation and 
that insulin activates the first step without affecting hexokinase. 

Insulin is known to stimulate leucine wptake in adipose tissue and the 
uptake of several amino acids in rat diaphragm. However, when Man- 
chester and Wool [12] studied the effect of the hormone upon the 
accumulation and incorporation into protein of certain amino acids in the 
isolated, perfused rat heart, they found that the incorporation of certain 
amino acids was enhanced, although their uptake was not affected. They 
proposed, therefore, that the effect upon the incorporation of amino acids 
by insulin cannot be due entireiy to the enhancement of their accumulation. 

Antidiuretic hormone exerts a marked action wpon the transfer of water 
from the distal tubule and collecting ducts of the kidney into surrounding 
interstitium. Similarly a net flux of water in amphibian skin and urinary 
bladder is increased by the hormone. The generally accepted opinion is 
that the hormone acts on the cellular membrane facing outward (i.e., mucosal 
side of the bladder) by increasing permeability to water and Na*. Calcium 
plays an important role in this phenomenon, since an excess of this ion 
inhibits the effect of the hormone (see Riggs, [13}). 

Water transfer across cell layers, on the other hand, is not generally 
believed to be an active process. This conclusion has supported the view 
that neurohypophyseal hormones alter water movement by increasing the 
sizes of “pores” in the membrane through which water can move in the 
direction of the osmotic gradient. Several studies have tested the possibility 
that changes in water movement may be secondary to actions on the transport 
of Nat produced by the hormone, but generally no correlation between the 
two phenomena has been found. On the other hand, neurohypophyseal 
hormones appear to act directly on Na+ transport across frog or toad skin, 
and Leaf and Dempsey found that the increase in metabolism (oxygen 
consumption, glycolysis) in toad bladder was secondary to the increase in Nat 
transport induced by the hormones [14]. 

1* 
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Several theories have been advanced to explain the molecular mechanism 
of action of vasopressin on water and sodium movements. 

In the toad bladder, both the binding and the physiolngical action of 
the hormones depend on the presence of free sulfhydryl groups, presumably 
in the distal kidney tubule. Since antidiuretic activity of vasopressin depends 
on the presence of disulfide rings in the molecule, F ong et al. [15] conclude 
that a mixed disulfide is formed between the octapeptide molecule and the 
receptor site. 

On the other hand, Orloff and Handler [16] have found that 
3’—5’ cyclic adenylic acid can duplicate the action of vasopressin in changing 
water movement, short circuit current, and potential difference (Na+ trans- 
port) across the toad bladder membrane. These and other results led the 
authors to propose that vasopressin affects water movement through forma- 
tion of cyclic AMP and that the binding of vasopressin may be the first in 
a series of reactions leading to increased water movement. 

Aldosterone, at levels of 0.16 ug per animal, can reduce the urinary 
excretion of Nat by 50% in adrenalectomized rats, whereas 6 wg. can increase 
K+ excretion by 50%. On the other hand, Crabbé and Deweer [ti?| 
found that aldosterone stimulates active transport of Na+ in the toad bladder 
by increasing the sodium permeability of the mucosal border. According to 
Edelman [18], the molecular action of the hormone seems to consist in 
stimulating the intracellular synthesis of proteins, including those enzymes 
which supply the metabolic energy for the active transport of sodium. This 
interpretation seems to be supported by the fact that aldosterone is prefer- 
entially located in the nucleus of epithelial cells and, moreover, by the fact 
that the action of the hormone is prevented by actinomycin D, which inhibits 
DNA-dependent RNA synthesis in the cell nucleus. 

The phosphaturic action of parathormone has been confirmed repeatedly 
since its first demonstration by Allbright and Allsworth in 1929. 
Renal tubular reabsorption of Ca++ is lowered by parathyroidectomy and 
enhanced by parathyroid hormone in a variety of animal species. Parathor- 
mone also increases Ca++ absorption from the intestine, although the doubt 
has been expressed that this effect has not been shown under physiological 
conditions. A possible primary site of action of parathormone are mito- 
chondria, as suggested by the work of Rasmussen and De Luca 
(19, 19a]. 

Other hormones influence transport phenomena. Thus amino acid uptake 
is stimulated by estradiol in the rat uterus, by glucocorticoids in liver and 
by growth hormone in liver and in a variety of animal tissues [20]. At pre- 
sent it is not clear whether this phenomenon may or may not represent a 
primary event in increased protein synthesis. 

However, the recent findings on hormone action could lead one to suppose 
that at least some hormones (i.e., growth hormone, glucocorticoids, estradiol) 
may act both on the cell nucleus, influencing the DNA-dependent synthesis 
of RNA, and on the cell membrane, increasing the intracellular concentration 
of amino acids. In this way synthesis of specific protein is made possible by 
increase of the amino acid pool. 
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III. Active Transport of Inorganic Ions 


Experiments on nerve, muscle, frog skin, red blood cells and cells from 
a number of other tissues have shown that Na+ is transported from the 
cytoplasm to the interstitial fluid against an electrochemical gradient. 

Such a process requires energy, and it has been shown by experiments 
on nerve and on red blood cell membranes that the energy for active trans- 
port of Na+ comes from adenosinetriphosphate (ATP), while other sources 
of energy, such as ITP, GTP, and UTP cannot replace ATP. Furthermore, 
the active transport of Na+ is dependent on the concentration of K+ in the 
extracellular fluid, and there seems to be some kind of a coupling between 
the active outward transport of Na+ and inward transport of K+. How- 
ever, Essig and Leaf found that, contrary to the proposed model for 
the frog skin, there was no coupled sodium-potassium exchange in the toad 
bladder [21]. In addition a (f palmitoyl) lysolecithin is able to enhance 
the active transport of Na+ through the frog skin. The same effect has been 
shown by some lipopeptidic fractions isolated from heart [22]. It is also 
characteristic of the active transport of Na+ that it is inhibited by cardiac 
glycosides. The results of the above mentioned experiments on the intact 
cell have made it possible to formulate a number of requirements of a Nat 
transport system and have thus provided a basis for the identification and 
isolation of the transport system. 

In the search for the transport system, a (Na*-K+)-activated, ATP-hydro- 
lyzing enzyme system was found that has been shown to be the only enzyme 
whose role in transport phenomena, inside animal cells, has been clearly 
demonstrated [23]. In this case the membrane ATP-ase (pump ATP-ase) 
is stimulated by Mg++, Nat and K+ and is :ahibited by digitalis. The enzyme 
has been found in numerous tissues of several animal species. Its activity is 
poor in the membrane of the red blood corpuscle with low potassium 
(cat and dog), whereas bone marrow cells of the same species, which contain 
high potassium, have a high ATP-ase activity. During embrionic develop- 
ment, the capacity to accumulate K+ and the ATP-ase activity increase in 
parallel. The red cell ATP-ase seems to be of lipoprotein nature. 

The importance of Na+ and K+ active transport is fundamental in cell 
physiology. Without an efficient mechanism for extrusion of sodium, which 
enters the fiber each time that the nerve is stimulated, the nervous excitability 
decreases to zero; if the capacity to accumulate K+ is missing, the cell is 
not able to perform an efficient protein synthesis. Such an effect of ceil K+ 
on protein synthesis may be one of the mechanisms that link extracellular 
regulators to cell growth. Moreover, without a mechanism for Nat and K+ 
transport, the animal cell volume could not be sufficiently regulated. As 
Tosteson very expressively said, without an active transport of Na+ 
and K+, we would be, at best, mute dryads of the trees, imprisoned in 
cellulose walls [24]. 

Mitochondria participate in active ion transport: they can actively accu- 
mulate certains ions from the surrounding medium in a process that is 
apparently correlated with respiratory chain phosphorylation [25]. It has 
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been reported by several workers that isolated kidney or liver mitochondria 
respiring in vitro under conditions in which oxidative phosphorylation was 
taking place, were able to maintain pre-existing levels of cations, such as 
K+, Nat, Ca++, and Mg++, or even to accumulate them from the medium. 
The Cat+ content of rat kidney mitochondria during respiration in vitro 
in a medium containing Ca*+ can increase 50-fold or more. Evidence has 
also been presented that certain anions, in particular inorganic phosphate 
and sulphate, can be accumulated by isolated mitochondria. 

Lehninger and others [25] have recently found that there are some 
relationship between the uptake of K+ and that of Ca++. The active uptake 
of Ca++ is facilitated by the presence of monovalent ions such as K+. Sec- 
ondly, they have found that retention of Ca++ by mitochondria is profoundly 
influenced by K+ and Na+. A Kt-rich medium favors discharge of 
Cat+, whereas a Nat-rich medium favours retention. Thirdly, they have 
found that mitochondria! swelling induced by Ca*+ is maximal when 
K+-ions are present in the medium, a fact which suggests that Ca++ may be a 
physiological agent allowing K+ to pass across mitochondrial membranes. 
Inorganic phosphate accompanies Ca++ during active accumulation of the 
latter; no other anions were taken up in comparable amounts. 

Relatively little thought has been given to the cellular significance of 
active ion accumulation by mitochondria. However, it appears possible that 
the ion-transport systems of the mitochondrial membrane can maintain the 
intramitochondrial milieu constant and favorable in the face of local fluc- 
tuations of pH and solute composition of the bathing hyaloplasm. Although 
these fluctuations must certainly be small and localized, they could be very 
critical for mitochondrial enzymatic activities such as respiration and phos- 
phorylation. 

It must be added that recent experiments of Rasmussen and 
De Luca [19, 19a] indicate that the addition of parathyroid hormone 
to liver mitochondria leads, under appropriate conditions, to an increased 
uptake of phosphate, Mg++ and K+ and simultaneously to a release of H+ 
and Ca++. The effect upon mitochondrial Ca++ release, but not the others, 
requires the presence of vitamin D. It is hardly necessary to point out the 
potential physiological significance of the mitochondria in physiological 
regulation of Ca++ and phosphate absorption and transport in the metabo- 
lism of bone forming cells. 

Neurophysiologists no longer doubt that the process of excitation in the 
nerve cell is accompanied by a series of biochemical events and consumption 
of energy supplying material. A considerable amount of data has been 
accumulated from studies on whole brain preparations, homogenates of 
nerve tissue, cortex slices, isolated ganglia, and single axons, describing 
biochemical changes during excitation induced by physiological, electrical, 
ionic or pharmacological stimulation. Beside the well known modification 
of glucose and lactate levels and an increase in inorganic phosphate result- 
ing from the breakdown of organic phosphates (ATP and creatine phos- 
phate), other biochemical events occur during activity, for example acceler- 
ated turnover of proteins and nucleoproteins, denaturation of proteins, Nat 
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and K+ activation of enzymes (ATP-ases), combination of Na+ and K+ with 
phospholipids or glycolipids, etc. Energy metabolism has been studied to 
a larger extent in this connection than any other metabolic aspect. 

Probably the earliest direct evidence for an involvement of glycolytic 
processes in the function of isolated nerves was produced by Gerard and 
Meyerhof (1927) who showed the utilization of glucose and the formation 
of lactate in anoxic frog nerves. This was later confirmed by Gerard (1932) 
in similar studies with rabbit and bullfrog nerve. Schmitt and Cori 
(1933) demonstrated the oxidative removal of lactate formed under anoxic 
conditions. However, there was no evidence from these studies that the 
conduction of impulses increased the rate of production of lactate. 

Sodium iodoacetate, a glycolytic inhibitor, was later shown to have a 
depressor effect upon the membrane potential, by Shanes and Brown 
(1942) and by Shanes (1949), and upon conduction by Ronzoni (1931) 
and LorenteDeN 6 (1947). Thus glycolysis was linked to the maintenance 
of potentials in the nerve. 

The transport of ions through isolated axons or isolated crustacean nerve 
cells has been investigated [26, 27]. Such studies show the advantage of 
using simplified biological models for the study of basic mechanisms. Gi a- 
cobini and co-workers [27], using a combination of an isolated neuron 
preparation together with the most advanced and sensitive techniques of 
microchemistry, could, for the first time at the level of a single, isolated 
neuron, investigate the metabolic changes during impulse activity. 

Even though these observation leave no doubt about increased metabolism, 
oxygen uptake and increased production of heat during activity in the 
neural tissue, still too little is known about the relationships of these factors 


processes, both from a quantitative as well as from a qualitative point of 
view. The direct observation of intracellular biochemical] events and their 
relationship to the specific function of the nerve cell represents, therefore, 
one of the most challenging problems facing the neurophysiologists today. 


IV. Sugar Transport 


Sugar transport has been studied in several cells and tissues. The main 
data so far as obtained can be outlined as follows: 

1. With regard to human erythrocytes, sugar transport occurs according 
to a facilitated diffusion mechanism in which a carrier plays a basic role. 
Under some conditions a countercurrent transport can be induced, provided 
that a sugar moves in the opposite direction. The passage of many sugars 
appears to be characterized by two constants: one indicates the affinity be- 
tween sugar and the carrier, the other expresses the diffusion velocity of the 
sugar-carrier complex. The latter is approximately the same for all 
sugars [28]. 

One molecule of carrier can bind two molecules of sugar [29]. The pos- 
sibility that a carrier could bind several molecules of substrate has been 
admitted also for amino acids and sodium. The activity of the carrier is 
inhibited by phlorizin and partially by N-ethylmaleimide, an inhibitor of 
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sulphydryl compounds. The sugar carrier seem to be active also in the 
transport of pyridine nucleotides, since this transport is inhibited by 
phlorizin, galactose and 3-0-methylgucose. 

2. With regard to cells isolated from Ehrlich ascites tumor, the sugar 
penetration occurs at a very fast rate. This transport is characterized by 
saturation kinetics, specificity, competition and inhibition effects according 
to the possible carrier facilitated diffusion [30]. 

3. A great interest in the transport in muscle cells developed following 
Levine’s demonstration that insulin facilitates the penetration of many 
sugars. 

Sugar penetration in muscle cells is sensitive to the action of several 
inhibitors. Such inhibitors, however, can be removed by insulin or by a 
humoral factor set free from the muscle under work conditions, 

4. The bacterial cell is excellent material for studying sugar transport. 
The transport is effected by specific enzymes, the permeases, which were 
studied by Monod’s group [31]. 

5. With regard to the intestine, in spite of the many studies that have been 
carried out, the results, as a whole, do not yet allow one to formulate a 
reasonable interpretation. The most recent experiments are those made by 
Crane [32]. We can outline his results as follows: glucose, entering the 
brush border, or formed there by the action of one of the hydrolases on 
a glucosidic compound (which in this instance is sucrose), associates 
with a mobile carrier and Na*-ions. The complex thus formed crosses 
the apparent diffusion barrier to the inner side where it dissociates, 
releasing glucose and Nat into the cytoplasm. The Nat is returned to the 
lumen of the gut by means of a active transport system, and the glucose 
remains in the cytoplasm owing to the absence of the Nat+-ions required for 
its return to the lumen. Capraro found in vitro no effect of sodium upon 
sugar uptake in the rat intestine, whereas the net sugar transfer 
was correlated with the net sodium transfer [33, 34]. 

The fact that carbohydrate transport depends on sodium in the intestine 
should be considered valid in general for other substrates and tissues. 

As a role, the active transport of inorganic ions may proceed in the 
absence of organic ions or molecules in the medium while the converse is 
not true. The inorganic composition of the external medium has also pro- 
found influence on the nitrogen metabolism, as shown by the results obtained 
on the osmoregulation of amphibians or aquatic invertebrates. The results 
show indeed that urea in amphibians, amino acids in the blood of insects, 
or free amino acids in the intracellular liquid of aquatic invertebrates play 
an important role in osmoregulation. Schoffeniels has proposed that 
this function of the organic ions or molecules is under the control of the 
inorganic ions. If true, this would mean that the activity of the enzyme 
system controlling the rate of production of various metabolites is influenced 
by inorganic ions [35]. 

Keston [36, 37] presented a theory that mutarotase (an enzyme which 
catalyzes the interconversion of the anomers of sugars, which possess a 
structure similar to glucose in carbons positions 1, 2 and 3 may be involved 
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in biological transport of sugar. On available evidence, it would be pre- 
mature to speculate what role, if any, is played by the mutarotase’ in the 
actual translocation of the sugar molecule. 


V. Active Transport of Amino Acids 


In 1913 Van Slyke and Meyer showed that the concentration of 
amino acids in animal tissues is greater than that of blood plasma and also 
that increases in the level of plasma amino acids were mirrored by larger 
increases in the tissue amino acids. 

In 1948, Christensen pointed out the relationship between the ability 
of a cell to take wp amino acids and its ability to synthetize protein. With 
similar concentrations of amino acids present in the serum, more rapidly 
growing tissues were found to have higher concentrations of free amino acids 
than less rapidly growing ones, in spite of the fact that amino acids were 
being utilized more rapidly by the former in the formation of protein [38]. 

Eagle, Piez and Levy [39] have shown that the growth rates of 
human cells in tissue cultures are a function of the concentration of intra- 
cellular amino acids. They found that a critical concentration (0.01—0.05 mM) 
of the studied amino acids was necessary to initiate growth and that the 
rate of growth reached nearly maximum value at concentration only 2—4 times 
the minimal critical level. Similar results have been obtained by Riggs 
and Walker [40] using Ehrlich ascites cells. 

Human leucocytes, kidney cortex slices, liver preparations and intestinal 
mucosa have been examined to ascertain the characteristics of penetration 
of amino acids. The process appears to be dependent on energy sources, 
mainly on aerobic metabolism. It has an ionic requirement for sodium and 
potassium and behaves in a fashion consistent with carrier mediation. 

These characteristics, the fact that amino acids are taken wp against a 
concentration gradient and, moreover, the fact that they are in an osmotically 
active state inside the cell, strongly indicate that, at least in many cells 
or tissues, amino acids are taken up by a mechanism of active transport. 

According to Smyth [41], in the intestine the transport of amino acids 
as well as that of other metabolites may involve two stages, the first con- 
ferring specificity and the second enabling the substance to be moved against 
a concentration gradient. Smyth and his colleagues have also investigated 
the energy sources for transfer of amino acids by means of inhibitors. They 
found that fluoride does not inhibit proline transfer in the absence of glucose, 
but inhibits the glucose stimulation of proline transfer, whereas fluoroacetate 
inhibits proline transfer in the absence of glucose but does not prevent its 
stimulation by glucose. It thus appears that there are two sources of energy 
in the cell for transfer, 1. endogenous energy from protein or fat and 
2. energy from glucose through the glycolytic cycle. 

Recently attention has been focused on the regulatory aspects of the 
transfer of amino acids by hormones in animal tissues, since increased secre- 
tion of hormones or their administration is associated with growth or hyper- 
trophy of tissues known to be target organs. Results indicate that several 
hormones, such as growth hormone, insulin, estradiol and glucocorticoids, 
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may enhance the accumulation of amino acids in specific tissues; however, 
no data are at present available to indicate unequivocally the regulation 
of protein synthesis by the hormonally increased availability of amino acids. 

The existence of three amino acid transport systems, one for neutral, 
one for basic, and one for acidic amino aicds, accepted by many workers, 
has been recently modified and extended. The neutral amino acid transport 
system in the Ehrlich ascites tumor cells can be further subdivided [4]: 

a) An “L” (for leucine) type transport serves for the penetration of neutral 
amino acids with aromatic or branched side chains (leucine, isoleucine, valine, 
and phenylalanine) and operates mostly for entry and “uphill” transport. 

b) An “A” (for alanine) system, for neutral amino acids with short 
chains or polar groups in the side chain (alanine, glycine, threonine, proline, 
asparagine and glutamine) which operates mostly for exchange transport 
(methionine apparently shares both carrier sites). 

c) A lysine accepting system, different from the “L” transport, which 
serves primarily for the entry of di-amino acids but also for neutral amino 
acids. There is a wide overlap. The carrier sites are apparently under 
separate genetic control. 

Working on the absorption of amino acids by intestine, Sm y th obtained 
data in support of the view that at least two different carriers are involved 
for neutral amino acids, one for all four amino acids so far investigated 
(glycine, proline, methionine and leucine) and one for glycine and proline 
alone. 

In the kidney a common pathway exists for arginine, ornithine, leucine 
and cystine [42]. Arginine and lysine are mutually inhibitive, but not with 
cystine, alanine, phenylalanine, and histidine [43]. 

In red corpuscles, Winter and Christensen [44] described three 
modes of amino acid uptake: 

a) a mediated transport, which is saturable, used by almost all neutral 
amino acids; 

b) a low capacity, saturable uptake for alanine and glycine; 

c) an apparently non-saturable component, limited to amino acids with 
large hydrocarbon chains. Counter transport was found in the “A” group. 

According to Csaky |4], the various findings regarding the structural 
specificity of amino acid transport in various tissues could be reconciled 
by assuming the existence of a complex carrier with a number of receptor 
sites of highly specific structure. The individual amino acids would com- 
bine with the carrier, probably by multiple attachments with varying affin- 
ities and bonding strengths. 

The chemical nature of the amino acid carrier is still unknown. Tria 
and Barnabei [45j found that the rat liver membrane phosphatido- 
peptide fraction becomes rapidly labeled upon perfusing the organ with 
labeled amino acids. They suggested a transient intramembrane formation 
of a phosphatido-peptide. Similar observations were made in connection 
with the placental transport of glycine-1-C' |46]. 

The data on the possible role of phosphatido-peptide fraction on the 
active transport of amino acids are reported elsewhere [47]. It could be 
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of some interest, here, to recall that studies carried out by other authors 
(Mandel and Nussbaum [48]) have also demonstrated that this frac- 
tion is one of high metabolic activity and that, beside amino acids, also 
quickly incorporates P32, 


Conclusion 


Transport phenomena represent one of the processes of more general 
biological importance. In what manner the living organisms control this 
process is the object of conflicting theories and hypotheses. 

Special mechanisms of transfer for the water soluble nutrients of the 
cell were postulated early by several workers (Overton, Héber). Dec- 
ades passed before experimental analysis of these mechanisms began on a 
larger scale. It then turned out that, in mammalian cells, the transport 
systems for sugars and for amino acids differ in essential points, particularly 
in the fact that amino acids appear to be accumulated against gradients, 
while sugars not only are in general not “pumped” (excepting into cells 
of absorbing epithelia) but, in many cells, appear to have intracellular con- 
centrations close to zero. Thus in the two cases not only the mechanism of 
the transport but also its functional role appears to be different. Regulation 
of metabolism certainly is one of the aspects in the case of sugars, while the 
attainment of high intracellular concentrations appears to be important for 
amino acids, presumably in relation to protein synthesis. 

Our actual knowledge of the intimate nature of the various transport 
systems is still very rudimentary. Apparently “related” mechanisms may 
differ in essential points, hidden it present, and common features may connect 
apparently different mechanisms. The primary aim of experimental work, 
therefore, at present, should be the detailed analysis of the mechanisms 
involved. On the basis of such knowledge perhaps a re-evaluation of the 
question touched on here will be possible at a later stage (Wil brandt). 
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Ion Transport in Excitable Cells 
By 
R. D. Keynes 


Agricultural Research Council, Institute of Animal Physiology, 
Babraham, Cambridge, England 


All the available evidence indicates that there are two different and 
entirely distinct pathways by which sodium and potassium ions can cross 
the membranes of nerve and muscle fibres—the excitability mechanism and 
the pump (or recovery) mechanism. The two types of channel for the passage 
of cations exist side by side in the membrane, but as can be seen in Table 1 
there are a number of ways in which one of them can be greatly affected 
while the other is quite unaffected, and their properties are so dissimilar 
that their separateness can no longer be doubted. It is possible that both 
mechanisms exploit the same fundamental physicochemical differences be- 
tween hydrated Na* and K+-ions in order to tell them apart, but even in this 
respect they behave differently towards Na+ and Li+-ions, and may there- 
fore lack a common basis for their discrimination. The discussion which 
follows is concerned only with the pump mechanism, and I must emphasize 
that my remarks are not relevant to the downhill ion transport involved in 
the propagation of impulses. 

In the past few years it has gradually emerged that the systems for active 
transport of sodium and potassium in tissues as diverse as the squid giant 
axon, frog muscle fibres and mammalian erythrocytes have several features 
in common. Any theory which purports to explain, at the molecular level, 
exactly how the sodium pump works, must take into account the facts now 
known about the following aspects of its operation: 


1. The Coupling between Sodium Efflux and Potassium Influx 


The original basis for the idea that these fluxes are somehow linked was 
the observation that in many tissues, including the three mentioned above, 
the sodium efflux is reduced (though not to zero) by removal of external 
K+-ions. It has sometimes been assumed that the coupling is so tight that 
the pump can be regarded as electrically neutral, the outward transfer of 
each Nat-ion being obligatorily balanced by the inward movement of a K+-ion. 
In erythrocytes this may be true, since potassium is transported inwards 
against an electrochemical potential gradient which is very probably rather 
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large, and the alternative mode of coupling, which would be the creation 
by an electrogenic sodium pump of a potential large enough to attract 
K+-ions passively inwards, cannot very well apply. But in nerve and muscle 
fibres, K+-ions are at nearly the same electrochemical potential on either side 
of the membrane, and the coupling might be partly or wholly electrical. 
Hodgkin and Keynes (1956) obtained some evidence that the sodium 
pump in squid axons was electrogenic, and the mode of coupling in frog 
muscle has now been examined by Kernan (1962), Adrian and Slay- 
man (1964) and Cross, Keynes and Rybova (1965). It seems clear 


Table i. 
Contrasting behaviour of the two types of cation transport mechanism in nerve and muscle. 











Excitability mechanism Pump mechanism 
1. Net movement down concentration Net movement against concentration 
gradients gradients 
2. Maximum flux is of the order of Maximum flux is only about 
20,000 p mole/cm? - sec 100 pmole/cm? - sec 
3. Operates quite independently of cellular | Requires energy supply; blocked by 
metabolism metabolic inhibitors 
4. Fluxes vary steeply with changes in Not voltage controlled 
membrane potential 
5. External calcium has large effects Independent of [Ca] 
6. Resting fluxes have small Q,o Fluxes have a large Qi 
7. Blocked by local anaesthetics Unaffected by local anaesthetics 
8. Unaffected by cardiac glycosides Blocked by cardiac glycosides 
9. Na+ and Lit+ treated identically Li+ transported much more slowly than Nat 


that the coupling is neither wholly electrical nor wholly neutral, and the 
proportion of the sodium efflux that is electrogenic may possibly vary with 
such factors as the internal [Na] and the external [K]. 


2. Exchange Diffusion of Sodium 


The concept of exchange diffusion was introduced by Ussing (1949) to 
explain the occurrence of a large efflux of labelled sodium from frog muscle 
fibres without a corresponding consumption of energy. The first direct 
evidence in support of this suggestion as applied to frog muscle was the 
demonstration by Keynes and Swan (1959) that in freshly dissected 
muscles about half the sodium efflux was dependent on the presence of 
Na+-ions in the external medium. In the squid giant axon the sodium efflux 
increases instead of decreasing when external sodium is removed, but it 
has now been shown by Frumento and Mullins (1964) and Feynes 
(1965) that this behaviour probably reflects the higher value of [Na]; in the 
squid axon rather than a species difference, since Na-loaded muscles behave 
similarly. H oro wicz (1965) has recently reported that in frog muscle the 
blocking effects on the sodium efflux of strophanthidin and of sodium replace- 
ment are additive, and together account for 87% of the efflux. In unpublished 
experiments I have fully confirmed this interesting and slightly un- 
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expected finding. In freshly dissected muscles, about 42% of. the 
efflux was blocked by 10-°M ouabain, and a further 46% was removed 
in Li Ringer; in muscles loaded with enough Na to give reversed Li effect 
the proportions were changed, uid ouabain now reduced the efflux by 74% 
while lithium took off a further 15%. These experiments provide another 
example of the marked and so far unexplained effects of changes in [Na];. 


3. The Flux-concentration Relationship 


Although most theoretical treatments have assumed a linear relationship 
between flux and concentration, the sodium efflux from frog muscle was 
found to obey a cube law (Keynes and Swan 1959), while Carmeliet 
(1964) has reported a square Jaw in cardiac muscle. This behaviour suggests 
that the hypothetical sodium carrier may have to be loaded with more than 
one Nat-ion before making its outward journey, and seems consistent with 
recent evidence from several sources that both the Na/K coupling ratio and 
the Na/~P ratio are appreciably greater than unity. A new complication 
(Keynes 1965) is that the steepness of the flux-concentration curves in 
frog muscle is reversibly dependent on pCOsz, possibly because H+ and Nat- 
ions can compete for some of the carrier sites. 


4. Coupling with Metabolism 


In experiments on the injection of ATP and related compounds into 
CN-poisoned squid axons, Cald wel] et al. (1960a) found that the Na/~P 
ratio was about 0.7. It has now been shown by Baker and Shaw (1965) 
that only 25% of the ATPase in an intact squid axon is actually located in the 
membrane, so that calculations of the thermodynamic efficiency of the sodium 
pump should be based on a ratio of 2.8 rather than 0.7. Since the amount of 
secretory work necessary to extrude sodium from a squid axon is of the 
order of 2,500 cal/mole, the calculation would be in line with the conclusion 
reported by Professor Ussing in this symposium that phosphate-bond 
energy may be used with an efficiency approaching 100%. An interesting 
phenomenon discovered in the course of these phosphate-bond injection 
experiments was the marked dependence of the tightness of Na/K coupling 
on the ratio of [ATP] to [ADP], or perhaps on the phosphate potential. 
When the ATP/ADP ratio was high, the sodium efflux displayed its normal 
sensitivity to removal of external potassium; when there was no ATP, the 
efflux was reduced to a very low level, but when the ATP/ADP ratio had 
an intermediate value, the efflux was large and yet was quite unaffected by 
taking away potassium from the medium (Caldwell et al. 1960b). There 
were indications that this K-insensitive sodium efflux had a larger exchange 
diffusion component than usual, because it was appreciably cut down when 
lithium was substituted for external sodium. These changes in the properties 
of the sodium pump with ATP/ADP ratio may not be peculiar to ihe squid 
axon, since in addition to suggestive evidence of parallel behaviour in frog 
muscle (Ke y nes 1961), it has now been found by Glynn andGarrahan 
(1965) that reconstituted mammalian erythrocyte ghosts can also be made 
to respond in a rather similar fashion. 
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Electrolyte and Water Transport across Epithelial Cells! 
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We have been studying the urinary bladder of the toad, Bufo marinus, 
as a model transporting epithelium which actively moves sodium from 
urine to body fluids [1, 2]. The results of two recent studies, which relate 
to the functional structure of this tissue and to how its permeability proper- 
ties are modified by vasopressin, will be presented. 

The bladder is a bilobed structure consisting of a layer of mucosal ells 
supported by a loose stroma of connective tissue and covered on the contra- 
mucosal surface by a serosa. Physiologically, the urinary bladder serves 
the toad as a reservoir for water which can be reabsorbed in response to 
deprivation of water or rapidly in response to injection of vasopressin [3]. 

As a result of previous studies on the permeability of the bladder to 
water and solute molecules and the modification of the permeability proper- 
ties by the mammalian antidiuretic hormone, vasopressin, we had concluded 
that the limiting permeability barrier located in or near the plasma mem- 
brane at the mucosal or apical surface of the bladder epithelium must consist 
of a double series barrier |4, 5}. An outer dense diffusion barrier highly 
permeable to water, urea and sodium might block other solutes. If vaso- 
pressin affected an underlying porous barrier, bulk flow of water might 
occur in its presence without any effect on the permeability of the tissue 
to small solutes which had been effectively screened out by the dense diffusion 
barrier. 

The basis for this formulation has been the observation that vasopressin 
will induce very large net transport of water across the isolated bladder 
without significantly increasing the low permeability of this tissue to most 
small solute molecules (urea and its congeners, as well as sodium ions being 
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exceptions to this statement). The net transport of water in this condition 
partakes of the characteristics of bulk flow through “pores”; i.e. the molar 
friction between water and water must be greater than between water and 
the membrane so that the water moves as associated aggregates rather than 
as single molecules (diffusion) through the rate-limiting permeability barrier 
of this tissue. If large porous channels are necessary to accommodate the 
transport of water across the tissue, then the impermeability of the tissue 
to small solute molecules, ~2 A radii, requires some additional functional 
structure. The thin but dense diffusion barrier is assigned this sieving action. 

This formal construction of a double series barrier lacked any independent 
support until recently, when we found a means of chemically separating 
the two barriers. We observed that amphotericin B |6], a polyene antibiotic 
which interacts with sterols, functionally removes the dense diffusion barrier, 
leaving the underlying porous barrier relatively intact. The evidence for this 
claim briefly is as follows: 

1. Amphotericin added to the mucosal bathing medium produces a large 
increase in short-circuit current, following which vasopressin is without 
further effect. 

2. The permeability of the bladder to small solute molecules is generally 
low and unaffected by vasopressin. However, amphotericin induces a large 
increase in the permeability of the bladder to three such solutes tested: 
potassium, thiourea and chloride. 

3. In spite of these effects, amphotericin either does not induce a net 
transport of water across the bladder or: has only a small effect on water 
movement. The latter still requires the presence of vasopressin. 

It should be emphasized that these actions of amphotericin are elicited 
only when it is added to the mucosal bathing medium. No detectable effects 
have been observed even with high concentrations added to the serosal side. 

‘This evidence, that amphotericin functionally removes a selective diffus‘on 
barrier without affecting the porous barrier in which vasopressin induces 
bulk transfer of water, supports the hypothesis that the remarkable perme- 
ability properties of this tissue are dependent upon a double series barrier. 

I would now like to turn briefly to another aspect of our recent work. 
Previous studies [7] had led us to conclude that the stimulation of active 
sodium transport by vasopressin results from an increase in the passive 
entry of sodium from mucosal medium or urine into the cells. The increased 
active transport of sodium across the basal surface of the mucosal cells 
was regarded as secondary to the resulting increased intracellular con- 
centration of sodium. One way to test this hypothesis would be to examine 
the effects of vasopressin under conditions of no net sodium transport. If 
vasopressin, in fact, affects only a passive step in sodium transport, it should 
have no effect on the maximal potential the tissue can produce under such 
conditions. 

One means of achieving the necessary condition of no net sodium trans- 
port for these experiments would be to have all the sodium in the medium 
present as the sodium salt of a nonpenetrating anion. Then sodium transport 
would come to a halt when the maximal potential difference had developed 
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and no short-circuiting of this potential difference by permeant anions could 
occur. However, we have not yet found such an ideal anion and therefore 
we tackled the problem in another manner utilizing experimental conditions 
suggested by Dr. Ora Kedem [8]. 

The bladder was mounted in a <aodified Ussing-Zerahn chamber with a 
Ringer’s solution as the serosal bathing medium and an isosmotic sodium 
chloride solution as the mucosal medium. A balanced pair of silver: silver- 
chloride half cells were used to measure the electrochemical potential dif- 
ference for chloride across the tissue. The mucosal medium was then diluted 
with isosmotic sucrose solution until the electrochemical potential difference 
for chloride across the tissue was reduced to zero. In this situation no net 
transport of chloride ions could occur. If the pathways for sodium transport 
across the tissue are homogeneous, net flux of sodium will fall to zero, both 
across the entire bladder and separately across the apical and basal barriers 
of the mucosal cells, when the electrochemical potential for chloride across 
the tissue is zero. In this situation vasopressin should not increase the trans- 
epithelial potential if it, in fact, affects only passive processes in sodium 
transport. However, if heterogeneous pathways for sodium transport exist 
through this tissue, then the expectations for the hormonal effect at zero 
electrochemical potential difference for chloride across the tissue are not 
so simple. By heterogeneous transport pathways we include ionic leaks 
between cells, through damaged cells, through mucus secreting cells and 
even active transport pathways of differing driving force. 

After a mean period of 30 minutes with the chloride electromotive force 
stable in the range of —5 to +14mV, 100 milliunits of vasopressin were 
added to the serosal medium. In general an increase in electrical potential 
resulted but the magnitude of the increase was inversely dependent upon 
the initial transepithelial potential. Tissues with the highest resting poten- 
tials showed little or no response to vasopressin. 

We consider the results to be consistent with an action of vasopressin 
only on passive permeability barriers to sodium but that there exist hetero- 
geneous parallel transepithelial pathways for sodium. These parallel path- 
ways serve to short-circuit the transepithelial potential through channels 
which need not respond to vasopressin. We have obtained independent 
evidence for such ionic leaks by finding an inverse dependence of the perme- 
ability of the bladder to chloride ions on the spontaneous transepithelial 
resting potential. Finally, the intercept of the potential response to vaso- 
pressin with the abscissa suggests a maximal driving force for sodium trans- 
port equivalent to 170 mV. 
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Some Aspects of the Functional Polarity of Epithelia 
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With 1 Figure 


Functional polarity is a property inherent in all epithelial cells. This 
property seems to be related, in some cases, only to the physical and/or 
chemical structure of the membranes covering the two cellular poles without 
being affected by their metabolism. Lactic acid, water soluble, ionizing 
substance, accumulates in several epithelia and diffuses through the basal 
and luminal membranes into the surrounding media- (Wilson 1954, 
Pfleger et al. 1958, Leaf 1959, Hogben 1962); the effluxes, however, 
are not the same on both sides, being higher through the basal than through 
the luminal membrane. A difference between the permeability constants of 
the two cellular membranes (Lea f 1959) seems to account for the observed 
ratio between the serosal and mucosal lactic acid fluxes. 

A drag effect of the water flow on lactic acid transport seems to be absent 
(Pfleger etal. 1958, Capraro et al. 1963, Lip pe et al. 1965). Further- 
more, if we assume that the resistances offered by the cellular membranes 
to solute flow are predominant in comparison with cther tissue resistances, 
we (Lippe et al. 1965) can conclude that the physical basis of the perme- 
ability constants of lactic acid is very different from that of water soluble 
and electrically neutral substances, such as urea. In fact, in the intestinal 
epithelium of Testudo hermanni, and in the absence of a water flow, the out- 
flow rates of urea from the inside of the cells at both the basal and luminal 
poles are nearly the same. 

The difference between the two permeability constants of lactic acid 
cannot even be explained by assuming a lactic acid transport through a 
lipophilic medium. In fact, phenylacetic acid, a lipophilic substance, exhibits 
an outflow rate at the luminal cell surface which is higher than the one at 
the serosal side; in this case also, no drag effect can be detected. In the 
isolated intestinal epithelium of Testudo hermanni, the ratio between serosal 
and mucosal lactic acid fluxes is 1.82—5.21, while that for phenylacetic fluxes 
is 0.45 (Lippe et al. 1965). 

The polarized epithelium, beside these passive properties, possesses others 
directly connected with its metabolism. Epithelia are crossed by active 
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fluxes, i.e. steady fluxes against chemical or electrochemical activity gradients, 
which need a continuous free energy supply, arising from the epithelial 
chemical system. 

There occur active ion fluxes (the most common seems to be the 
sodium one), as well as active fluxes of organic substances (monosaccharides, 
amino acids), which are typically polarized phenomena, i.e. the pump is 
working in one direction only. 

An active transepithelial transport can be rationally divided in two 
stages; the entrance of the transported substance from the outer medium into 
the cells at one of its poles and the extrusion of the same substance from the 
cells into the inner medium at the opposite pole. One of the most intriguing 
problems in this connection is to decide whether both steps or only one are 
consuming chemical energy. In the case of the sodium flux, in which the 
intracellular sodium concentration is lower than that of the medium, the 
active step seems to be the extrusion only, but in the other cases the question 
is not so easily decided. 

The cellular pool of sodium ion and its transepithelial flux (Frazier 
et al. 1962), as well as of actively transporied sugars (C rane 1962, Fisher 
and P arsons 1953) and amino acids (Jervis andSmyth 1959, Finch 
and Hird 1960, Samiy andSpencer i%i, Cohen and Huang 1964) 
are not linearly correlated with the outer concentration but formally follow 
a Michaelis or an adsorption kinetics mechanism. Therefore, the conclusion 
can be drawn that the extrusion rate of the substance into the inner medium 
might be a linear function of the intracellular pool. In fact, the experimental 
data so far collected on the active sodium fluxes (Frazier et al. 1962; 
Curran et al. 1963) is in agreement with a linear correlation between the 
extrusion rate and the intracellular sodium pool. Where two or more trans- 
epithelial fluxes are contemporaneously present, as can happen in the isolated 
intestinal mucosa, the external conditions being equal, a constant ratio be- 
tween the fluxes is maintained. For example, when the perfusing tem- 
perature of the intestine of the albino rat is kept at 28°C. and the sodium and 
sugar concentrations in the outer medium (mucosal medium) are 143.5 mE 
and 13.9mM respectively for each 100uEg—h— of sodium, 20 uM of 
glucose are simultaneously transferred from the mucosal to the serosal 
medium (Capraro et al. 1963 bis). But the ratio can be easily modified 
by decreasing the glucose concentration in the outer medium; if the glucose 
concentration is lowered ten times in comparison with the one used pre- 
viously, the ratio between the transepithelial fluxes is 100 u.Eg—h— of 
sodium over 2 4M g—th—! of glucose (unpublished data). Presumably, such 
an effect is due to a modification of the ratio between the intracellular pool 
of sodium and that of glucose due to a decrease of cellular glucose con- 
centration. 

A similar effect can be obtained when the mucosal perfusing fluid contains 
in addition to sodium (143.5mE) and glucose (13.9mM) a third actively 
transported amino acid (20mM). Under this condition, too, with a transfer 
of 100 « E gh! of sodium, a minor quantity of glucose is at the same time 
transferred from the mucosal to the serosal medium (Esposito et al. 1964). 
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If the active sodium fluxes are plotted against the glucose fluxes; a positive 
linear correlation between the two variables appears throughout all the range 
of epithelial activities spontaneously occurring in the isolated intestines; 
this linear relationship crosses the ordinate near the origin (C a praro etal. 
1963 bis). The same behaviour can be observed if the active sodium fluxes 
and the sum of glucose and L-phenylalanine fluxes are correlated [Regr. 
line: y (uM gh) = 6.1 +-0.328 x (uE g—h—)|. The sum of the two trans- 
ferred organic substances is higher, and the amount of transferred glucose 
is lower, if compared with the transfer of sugar in the experiments in which 
sugar is the only transported organic substance; therefore, a form of com- 
petition is now appearing together with a higher transport activity. The 
presence of a nearly constant ratio between the two transepithelial fluxes 
strongly suggests a direct or indirect coupling of these phenomena. 

On the contrary, if the sodium fluxes across the same intestines are 
plotted against the amounts of glucose (Capraro et al. 1963 bis) or of 
glucose together with phenylalanine absorbed from the external medium 
[Regr. line: y (uM g—th—) = 153.1-+0.29 x (uE gh), the linear relation- 
ship which can be calculated seems to cross the ordinate at a value clearly 
higher than zero']. The lack of a constant ratio in this case is not consistent 
with the hypothesis of a coupling between the sodium pump and the 
uptake phenomenon at the mucosal face of the cells. 

Therefore, if we assume that the sodium pump of the intestinal epithelium 
is connected with the activity of the serosal pole of the cells (Gilles- 
Baillien and Schoffeniels 1965), we should admit that, beside the 
intracellular concentration, another factor present inside the cells is affecting 
the extrusion rate of all the actively transported substances; such a factor 
may be identified with the pool of a unique type of available chemical 
energy (ATP). 

On the basis of the above summarized findings, it is possible to construct 
the following hypothetical and over-simplified model: 





Fig. 1. Hypothetical model of transport across the intestinal epithelium. x, trams- 
ported substance, c, free carrier, cx, carrier bound to the substance, ATP, ADP, 
Adenosinetri-Adenosinediphosphoric acid. 


However, the model does not explain: 1. The fact that by strongly reduc- 
ing the available sodium concentration in the external medium the sugars 


(Csaky and Thale 1960, Capraro et al. 1963 his) and the amino 


1 The interference of bacteria as a competitive absorbing system can be 
reasonably neglected. In fact, if after 15 min. of incubation the intestinal sac is 
removed and the mucosal fluid is incubated for a further period of 75 min., at the 
end of this period, the change in the total quantity of glucose is 12.5 + 10.5 4M and 
that of L-phenylalanine is — 18.5 + 17.4uM. 
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acid (Csaky 1961, Harrison and Harrison 1963) fluxes also are 
reduced at the same time, although the ratio between sodium and glucose 
fluxes remains the same as previously reported. 2. The fact that the active 
sodium transepithelial flux is stimulated not only by the presence of glucose 
in the mucosal fluid, but also by the presence in the same medium of other 
actively transported substances which do not produce energy inside the 
cells (3-0-methylglucose, L-phenylalanine) (Esposito et al. 1964; 
Schultz and Zalusky 1964). 

The first of these facts may be explained by the influence of the sodium 
mucosal concentration on the entrance of sugars (Crane 1962) and amino 
acids into the cells and by the influence of the ionic composition inside 
the cells on the availability of free energy. 

In order to give an explanation of the second fact, as it concerns so widely 
different molecules, a much more general underlying phenomenon such as 
an increase of surface membrane, should perhaps be taken into account. 

The solvent which crosses an epithelial layer produces a_ solvent 
drag on free-diffusing solutes, due to the interaction of solute and solvent. 
This phenomenon has been experimentally demonstrated on passively dif- 
fusing substances, such as acetamide, thiourea and urea through several 
epithelia (Andersen and Ussing 1957, Leaf and Hays 1962) in the 
presence of an imposed osmotic gradient and under the action of post- 
hypophyseal hormones. The same has been demonstrated for urea and 
thiourea through the intestinal barrier of Testudo hermanni (Lippe et al. 
1965, Cremaschi et al. 1965), through the bladder epithelium of Bufo 
bufo (in preparation) and through the dog intestine (Hakim and Lifson 
1964) in the absence of an imposed osmotic gradient between the two per- . 
fusing media. It is also interesting to point out that the drag effect seems to 
be one of the reasons for the observed differences in the outflow rates of urea 
from the inside of the cells through the luminal and the basal poles of the 
intestinal epithelium of Testudo hermanni ‘Lippe et al. 1965). 
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Amino Acid Transfer 


The main problems of amino acid transfer through the intestinal epi- 
thelium are the following: 

1. the movement of hydrophilic substances through a lipid barrier, 

2. the high degree of specificity which is involved in this process, 
and 

3. the fact that movement of amino acids involves utilization of cellular 
energy and can take place against a concentration gradient. 

All these three problems are thought to be met best by the postulation 
of some sort of carrier system in the intestine. Let us look briefly at this 
system and see how it solves these problems. General references to the 
background of the problem will be found in Wiseman (1964) and Smyth 
(1963). 

The Lipid Barrier 


The assumption is made that while the amino acid as such cannot diffuse 
across a lipid barrier, it can do so in combination with a carrier, and that 
the attachment of a lipid soluble carrier to the hydrophilic amino acid forms a 
complex which is lipid soluble. This raises the problem as to what the 
nature of this carrier substance might be. In view of the very high degree 
of specificity, it would appear to be a protein, and to have some of the 
properties of enzymes, i.e. to possess active centres or specific sites which 
can be used for attachment of specific molecules. This attachment certainly 
shows a high degree of specificity, including stereo-chemical specificity 
(Gibson and Wiseman, 1951). It is well to recognise, however, that no 
such carrier has yet been identified, and the substance is only hypothetical. 
A rather different solution to the problem has recently been discussed by 
W hittam (1964) in relation to movement of non-electrolytes into red cells. 
There may in faci not be a continuous lipid barrier, but lipid plaques with 
spaces between them. These spaces are really equivalent to aqueous pores 
closed by proteins with specific sites. Provided the protein can rotate so 
that the sites are exposed alternately to the solution on each side, all the 
characteristics of mobile carriers could be achieved. 
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Specificity 

When we come to specificity a good deal more is known, and it is well 

established that the transfer system for amino acids has a high degree of 

specificity. One aspect of this is the number of different carriers which 

i may be involved. This problem has been studied in tumour cells and in 

the kidney, in addition to the intestine, but it does not necessarily follow 

that there must be the same transfer systems in these tissues. The work of 

Newey and Smyth (1964a) on the intestine certainly suggests that there 

are at least two different carriers involved for neutral amino acids, although 

there may well be more. I should like to discuss this further, as it indicates the 

kind of criteria which we use in distinguishing between different carriers. We 

have studied four amino acids, glycine, proline, methionine and leucine. 

i Glycine and proline behave in a similar way, and methionine and leucine 

in a similar way. As more experiments have been done with methionine than 

leucine, I shall not discuss leucine further here. Our ideas about carriers 

for these amino acids are based chiefly on the mutual competition for absorp- 
tion by rat intestine. 

Methionine will inhibit glycine and proline, but neither glycine nor pro- 
line will appreciably inhibit methionine. Methionine must therefore have a 
greater affinity for the common carrier than either glycine or proline. How- 
ever, when we study the effect of methionine and proline together on glycine 
transfer, we find that although methionine has a greater affinity than pro- 
line, methionine and proline together have a much greater effect than twice 
the concentration of methionine alone. Another point is that, although 
methionine has a greater affinity than proline, it can only achieve a ceriain 
level of inhibition whereas proline at a high concentration inhibits to a much 
greater extent. 

Our explanation for these observations is that there are two carriers, one 
for all four amino acids, and one for glycine and proline but not for leucine 
or methionine. Methionine has a much greater affinity than glycine or 
proline for the common carrier and therefore inhibits them while they 
cannot inhibit it. As methionine does not act on the other carrier it only 
inhibits glycine to a limited extent, but proline acting on both carriers can 
cause greater inhibition. 

If two carrier systems exist, then two arrangements are possible. There 
could be either two separate carriers each with its own active site, or there 
could be two active sites on one carrier. Our experiments do not enable us to 
distinguish between these possibilities. Another factor which should be con- 

' sidered is the importance of allosteric effects, which could alter the specificity 
of the site, without involving competition for it. Such effects have not yet 
been widely explored in relation to transport. 


Transfer against a Gradient 
Newey and Smyth (1962) put forward the view that amino acid 
transfer takes place in two stages. The first involves competition, and the 
second brings about movement against a gradient. This hypothesis was 
based on experiments with peptides, in which it was shown that movement 
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of glycine, liberated intracellularly, did not involve competition but 
needed aerobically produced energy. The first stage of transfer could be 
facilitated diffusion, which would allow entry of amino acids into the cell 
down a concentration gradient. If we assume that the second stage 
would not only move amino acids against a concentration gradient but remove 
them as quickly as they entered the cell, the concentration inside the cell 
would be kept very low. This would mean that the first stage was the rate- 
limiting one, and the kinetics of the whole process would be those of the 
first stage. We would thus have the kinetic picture of facilitated diffusion 
in which the concentration on one side of the cell membrane is maintained 
at zero. This would be identical with the classical Michaelis-Menton kinetics. 
Jervis and Smyth (1959) have shown that at least some amino acids 
behave consistently with this hypothesis. 

Another kinetic problem must be considered. Wiseman (1955) showed 
that methionine had a greater affinity for the hypothetical carrier system 
than glycine and proline, but was transferred more slowly. Finch and 
Hird (1960) have explored this system further and showed that different 
relative rates of amino acid transfer may occur at different concentrations. 
Several explanations are possible. Wil brand t (1956) has shown that this 
phenomenon can occur in facilitated diffusion, and points out that it is pre- 
dictable from the equation. There are, however, other possibilities, discussed 
by Smyth (1964). It is known that enzymes may differ both in their affinity 
for and in their maximum rates of reaction with two different substrates. 
If carriers have similar properties, then different relative rates of transport 
of two substrates at different concentrations could be explained. A third 
explanation would involve one carrier for methionine and two for glycine 
and proline. Methionine, having a greater affinity for the common carrier, 
could then go more rapidly at low concentrations, but would soon saturate 
the carrier system. Glycine and proline would saturate the systems more 
slowly but have a greater maximum capacity for transfer. 

Recently Newey and Smyth (1964b) have shown that the picture 
may be complicated by another kind of competition, i.e. that between dif- 
ferent transfer systems. Glycine transfer can be inhibited by galactose, and 
this inhibition can be overcome by glucose. This may be due to competition 
between glycine and galactose for energy, and glucose overcomes this by 
making more energy available. These considerations should make us cau- 
tious in interpreting kinetic data, as there may be multiple carriers, com- 
petition of various kinds, and under different conditions the same stage may 
not always be rate-limiting. 

Sanford, Smyth and Watling (1965) have recently investigated 
the energy source for amino acid transfer by means of inhibitors. Fluoride 
does not inhibit proline transfer in the absence of glucose, but inhibits the 
glucose stimulation of proline transfer. Fluoroacetate inhibits proline trans- 
fer in the absence of glucose but does not prevent its stimulation by glucose. 
It thus appears that there are two sources of energy in the cell for amino 
acid iransfer, 1) endogenous energy from protein or fat, and 2) energy 
from glucose through the glycolytic cycle. 
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We believe that this interpretation applies to other systems in the intestine 
also, e.g. hexose transfer and fluid transfer, and thus quite different transfer 
systems have something in common. It is attractive to think that intestinal 
transport of a number of substances may involve two stages, the first con- 
ferring specificity and the second enabling the substance to be moved against 
a concentration gradient. This second stage may be non-specific, and it is 
possible that some common mechanism may participate in the second stage 
of transfer of a number of different substances. 
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With 1 Figure 


Since the isolation of phosphatido-peptides from a trypsin-resistant pro- 
tein residue of beef brain [1], a considerable amount of evidence has been 
accumulated about the presence of lipid-bound peptides: in other animal 
tissues and microorganisms [2—5]. Moreover, a rapid incorporation of P®? 
into phosphatido-peptides of mammalian kidney [6], brain [7] and liver 
[7-9] has been reported. 

In the present communication are described the principal results obtained 
during several years of investigation on the liver phosphatido-peptide frac- 
tion and its possible role in cell physiology |10—14]. 


1. Presence of a Phosphatido-peptide Fraction in Liver Cell Membranes 


In previous work a phosphatido-peptide fraction, soluble in chloroform- 
methanol and xylene, and insoluble in water, ethanol, diethylether and other 
solvents of lipids has been isolated from swine liver lipids [10-11]. To 
demonstrate the presence of a similar fraction in liver cell membranes, 
the membranes were isolated by the procedure of Neville [15]. The pre- 
paration obtained is very similar to the one reported recently by Emmelot 
et al. [16]. For each preparation at least two rat livers (16-24 grams) were 
used, and the yield was 10-16mg dry weight of cell membranes. 

The composition was studied by the following procedure: The mem- 
branes were extracted twice 5 ml of cold acetone and twice with 5m] of 
ethanol-diethylether (3:1) for 10 minutes at 50°C. The insoluble residue 
was next subjected to two extractions with 5 ml of the chloroform-methanol- 
hydrochloric acid mixture (200: 100: 1, by volume), and the protein residue 
washed with diethylether and dried at 50°C. The results are reported in 
Table 1. The extract obtained with the acidified mixture of chloroform- 
methanol was iaken as the phosphatido-peptide fraction; the presence of 
a bound peptide was indicated by the increase of amino-nitrogen from 0.89 
to 2.38 per cent after hydrolysis for 24 hours with 6N hydrochloric acid. 
A chromatographic examination showed that acid hydrolysates contain most 
of the common amino acids, with the apparent exception of cysteine, tyro- 
sine and tryptophan. All the analyses of the phosphatido-peptide fraction 
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were performed after drying the extract obtained from the membranes at 
50°C under a nitrogen stream and re-extracting the residue with chloroform- 
methanol (2 : 1). 
2. The Incorporation of Labeled Amino Acids into the 
Phosphatido-peptide Fraction 

To study the metabolic properties of this fraction, we have measured 
the incorporation of labeled amino acids. Our work was performed by the 
procedure of the isolated, perfused rat liver of Miller et al. [17]. The 
results reported in Fig. 1 clearly indicate that labeled glycine, leucine and 
arginine were incorporated into the phosphatido-peptide fraction much 
faster than into liver protein. Particularly rapid was the incorporation of 


Table 1. Composition of rat liver cell membrane. 





‘ Percentage of 
Constituent 8 





| dry weight 
Proteins | 59.6 
Acetone and ethanol-diethyl-ether soluble lipids | 22.1 
Phosphatido-peptide fraction | 18.3 


Each value is the avarage of the analyses performed on five different preparations. 


arginine, which is the amino acid most actively taken up by the liver accord- 
ing to Miller [18] and Fisher and Kelly [19]. Studying the effect 
of the concentration of glycine, we have found that its uptake by the liver 
increased when the amount of circulating glycine was elevated from 
9.2 wmoles (in 60 ml. of infusion mixture) to 45 wmoles; higher doses, how- 
ever, produced a diminution. These results were interpreted as an indication 
that a mechanism of saturation kinetics is involved in glycine uptake, and 
they were paralleled by the incorporation of glycine into the phosphatido- 
peptide fraction of cell membrane. 

This behaviour of the phosphatido-peptide fraction seems to support 
its possible role in the active transport of amino acids into liver cells. A 
similar role can be played by the placental phosphatido-peptide fraction, 
which rapidly took up radioactivity during the passage of glycine-C' from 
maternal to fetal blood [20]. 

The radioactivity of the fraction can be related to different causes: 
presence of free amino acids, lipogenesis from amino acids, and active incor- 
poration. The first possibility can certainly be excluded, because the radio- 
activity does not undergo any appreciable change when the labeled phos- 
phatido-peptide fraction is washed many times. It was shown that the 
ether extract, after acid hydrolysis, was negligibly radioactive; therefore, 
a high rate of lipogenesis can also be excluded. As the process is inhibited 
by several metabolic inhibitors, we conclude that the radioactivity acquired 
by the phosphatido-peptide fraction is due to active incorporation. 

Similar results have been obtained by Bailey and Woodson [21] 
working with ascites tumor cells. These authors gave our same interpretation, 
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namely, that phospholipid-amino acid complexes may play a role in mem- 
brane transport of amino-acids. 
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Fig. 1. The incorporation of labeled amino-acids into phosphatido fraction and 
protein of the isolated, perfused rat liver. Experimental conditions, see Table 2, 
Curve 1: phosphatido-peptide fraction of cell membrane. Curve 2: liver protein. 


3. The Effect of Growth Hormone and Hydrocortisone on the Incorporation 
of Labeled Amino Acids into the Phosphatido-peptide Fraction of Membrane 
and Their Uptake by the Perfused Rat Liver 


In Table 2 is reported the effect of growth hormone, hydrocortisone and 
2,4-dinitrophenol on the incorporation of glycine, leucine and arginine into 
the phosphatido-peptide fraction of cell membrane and into total liver pro- 
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tein [22]. Growth hormone had a stimulating effect, whereas hydrocortisone 
and 2,4-dinitrophenol had a inhibitory one. This hormonal control of the 
incorporation of amino acids suggests physiological role of the phosphatido- 
peptide fraction. On the other hand, the inhibitory effect of 2,4-dinitro- 
phenol suggests that amino acids are incorporated by an energy-requiring 
reaction, as previously indicated by the effect of other metabolic inhibitors 
(ethionine and KCN). 


Table 2. The effect of STH, cortisol and 2,4 DNP on the incorporation of “C-amino-acids 
into phosphatido-peptide fraction and protein of the isolated, perfused rat liver. 

















| | Specific activity (counts. min. /mg.) 
No. |,.. | ' 
of beeaas Amino-acid Treatment \Phosphatido- | shies PP seu 
exp. bees |peptide of cell] oe 
| | iene protein 1.500 x g 
| | | | Supernatant 
4 | 30 | L-leucine U. “C5 uC | | 864 7 |29411| 1143 
4 30 | I-leucine U. “C 5yuC | STH, 1 mg 74412 (49415) 2644 
2 30 | L-leucine U. “C 5 uC cortisol, 10 mg 10+ 2 |25+4 4! 9+1 
2 30 | L-leucine U. “C5 uC |2.4DNP 5-10-4M 10+ 2 12+ 2 7i1 
3 30 | Glycine —1-™C Lome! - 44+ 2 12.5+1 
4 30 | Glycine-1-“C10ynC} STH, 1 mg | 9311 17+ 4 
3 | 30 |Glycine-—1-“C1i0uC)_ cortisol, 10mg 13+ 2 |13+ 2 
2 30 Glycine- 1-"C 10 nC) 2.4 DNP 5-10-4M 18+ 3 _ | 
2 6 | L-arginine U. “C5uC _ 19+ 2 a 9 
2 6 | L-arginine U. MC 5 uC | STH, img | 37+ 3 <2 13+1 
2 | 6 |L-arginine U. “C5 #C| cortisol, 10 mg | 6+ 1 <2 1442 








The infusion mixture contained 30 ml of heparinized rat blood, 30 ml Krebs-Ringer 
bicarbonate, 50 mg of casein acid hydrolysate, 2.5 mg L-tryptophan, 100 mg glucose. In 
the experiments with glycine-C™, the amount of casein hydrolysate and L-tryptophan 
were, respectively, 100mg and 5 mg. 

Prior to the addition of hormones, the liver was allowed to equilibrate for 20 minutes. 
After 10 more minutes, a solution of labeled amino acid was added to the infusion liquid. 
2.4 dinitrophenol (sodium salt) was dissolved directly in Krebs-Ringer solution. Experi- 
ments were terminated by rapid perfusion with cold physiological saline. In the table are 
reported mean of values and standard deviations. 


Measuring the effect of growth hormone, hydrocortisone and 2,4-dinitro- 
phenol on the uptake of amino acids, we have found that addition of growth 
hormone to perfusing blood resulted in an increased uptake of glycine and, 
to a lesser degree, in an increased uptake of leucine. Hydrocortisone and 
2,4-dinitrophenol (Table 3) had opposite effects. 

The stimulating effect of growth hormone is well in accordance with the 
data reported by other workers. On the contrary, the inhibitory effect 
of hydrocortisone may be surprising: in fact, Noall and coworkers [23) 
have found that this hormone enhances the intrahepatic accumulation of 
a-aminoisobutyric acid and suggested that it acts to increase the transport 
Protoplasma, LXIII1—3 3 
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of amino acids. However, the contradiction is only an apparent one: in 
fact in our experiments, too, the hepatic concentration of radioactive glycine 
as well as the ratio of liver to blood concentrations were increased by hydro- 
cortisone; however, the amount of amino acid taken up by the liver dimin- 


ished, at least in experiments of short duration. 


Table 3. The effect of STH, cortisol and 2.4 DNP on the uptake of “C-Leucine and 
M4C.glycine by the isolated, perfused rat liver. 








| | Radioactivity mene Ratio of 
No. | | taken up by .. a ; radioactivity 
* i soluble frac- i 
of [Time| —_Amino-acid Treatment liver na of TCA sole 
min. | - tions of liver | ple fractions 
exp. | | counts/min/ ; fli d 
: counts/min/ | Of #ver an: 
g liver : biioa 
| g liver 00 
: . 
4 | 30 | L-leucine U. “C 5uC _ 20,700 + 3,200 | 2,020 + 250 0.21 
4 | 30 | L-leucine U. *C 5uC STH, 1 mg 22,800 + 2,700 | 1,500 + 300 0.20 
2 30 L-leucine U. #C 5uC cortisol, 10 mg 13,500 + 2,300 | 2,900 + 400 0.30 
2 | 30 | L-leucine U. “C5yuC |2.4DNP 5-10-4M! 12,000 + 2,100 | 1,400 + 180 0.12 
3 | 30 | Glycine—1-—“C 10uC -- 36,800 + 1,800 | 2,650 + 370 0.35 
4 | 30 | Glycine—1-1'4C 10uC STH, 1 mg 43,300 + 1,300 | 2,860 + 120 0.44 
3 | 30 | Glycine-1-—C i0uC cortisol, 10 mg 25,200 + 3,200 | 5,800 + 730 0.51 
2 | 30 | Glycine-1-C 10nC | 2.4DNP 5-10-4M| 24,300 + 2,200 | 2,900 + 450 0.32 























Experimental conditions, see Table 2. 


Conclusion 


Our results can be summarized as follows: 

1. The phosphatido-peptide fraction is a constituent of liver cell mem- 
brane. 

2. The phosphatido-peptide fraction incorporates labeled amino acids 
much more rapidly than proteins, by a reaction inhibited by metabolic 
inhibitors. 

3. Arginine is incorporated more rapidly than leucine or glycine. 

4. Growth hormone and hydrocortisone influence in the same way both 
the incorporation of amino acids into the phosphatido-peptide fraction and 
their uptake by isolated, perfused rat liver. 

5. Placental phosphatido-peptide fraction behaves like the liver fraction. 

It seems to us that these data may be interpreted by assuming a role 
for the phosphatido-peptide fraction in the transport of amino acids. 

This question, and indeed most of the problems of the molecular biology of 
cell membrane, can only be resolved, as Da nielli [24] has suggested, by 
isolation in a relatively pure state of the main molecular components respon- 
sible for each specific activity, followed by precise study of their physica] 
and chemical properties. This is the purpose of our present work. 
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Na*t-Dependent Transport of Carbohydrates 
through Intestinal Epithelium 


By 


Robert K. Crane? 
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Several years ago, my colleagues and I presented a concept of the brush 
border membrane of the epithelial cell as a digestive-absorptive surface in 
which the elements responsible for digestion and absorption were postulated 
to be arranged in ordered proximity to one another (Crane, Miller and 
Bihler 1961, Crane 1%62). The disaccharidases were represented as being 
an integral part of the outer protein coat of the membrane and the diffusion 
barrier to the entry of monosaccharides into the epithelial cells was assumed, 
in line with current concepts of membrane function, to be the lipid leaflet. 
As a consequence of experiments carried out under conditions of limited 
tissue energy supplies, we believed that the entry of sugars across the brush 
border membrane was identified as the primary site of Na+ involvement in 
the overall process of active transport, and we interpreted our experiments 
to have “established the existence of a substrate-specific, Na+-dependent and 
energy-independent process mediating the rapid equilibration of sugars 
between the cells and the medium” (Bihler, Hawkins and Crane 
1962). Interaction of glucose and its analogs with a specific binding site 
on a mobile carrier was postulated to account for the specificity of the overall 
process (C rane 1960) and for the competitive nature of phlorizin inhibition 
(Alvarado and Crane 1962). Interaction of Na+ with a second specific 
binding site was also postulated, and it was concluded that binding of Nat 
to this site was essential to the ability of the carrier to equilibrate sugar 
across the brush border membrane. Simultaneous movement of Na+ and 
sugar were assumed to occur as a direct consequence of these postulated 
interactions. As we have visualized it, the Na+-dependent sugar carrier 
system is, per se, capable only of equilibration; the asymmetry required to 
achieve uphill accumulation of sugar is attributed to the movement of Na+ 
into the cell down a gradient of concentration maintained by the operation 
of an outwardly-directed, energy-dependent Na+-pump present at a different 
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locus in the same membrane. The position of the Nat-pump, however, is 
not of prime importance; it is essential only that the local internal Na+ 
concentration in the region of the equilibrating carrier be maintained low 
relative to the medium. 

There are now numerous experiments which have detected the interaction 
and movement of Nat proposed by this hypothesis. For example, sugar 
transport is found not only to be dependent upon the presence (Riklis 
and Quastel 1958, Csaky and Thale 1960; Csaky and Zolli- 
coffer 1960, Bihler and Crane 1%2) and concentration (Bihler and 
Crane 1962) of Nat of the medium but also to be critically influenced by 
the particular substance used to replace Nat. The monovalent cations, K+, Li*, 
Rbt+, Cs+ and NH¢? are all strongly inhibitory as compared to tris*, choline+ 
or urea (Bosackova and Crane 1965 a). On the basis of the hypothesis, 
it seemed most probable that K+ and related ions inhibit sugar transport 
by interfering with Nat-carrier interaction and that they should inhibit 
Na+ movement into the cell. When tested, graded concentrations of K+ were 
found to inhibit 22Na influx to the same relative extent as sugar influx. These 
results were interpreted as suggesting that K+ competes with Na+ for the 
specific cation binding site on the sugar carrier and that an Nat-free or K+- 
loaded carrier is relatively inefficient in equilibrating sugar. 

The effect of the tissue/medium ratio of Na+ concentrations on the direc- 
tion of sugar transport has also been studied (Crane 1964). Since it is the 
“downhill” gradient of Nat into the cell which is assumed to result in the 
“uphill” movement of sugar in the same direction, the Na+ gradient was 
reversed by removing Na+ from the medium. Previously equilibrated sugar 
then moved “uphill” out of the cell into the medium, as predicted by the 
hypothesis. 

In recent years, additional support for an hypothesis of Na+ interaction 
with the sugar carrier has come out of experiments on the transmural poten- 
tial of in vitro preparations of smail intestine. Clarkson and Roth- 
stein (1960), Barry et al. (1960), Schachter and Britten (1961), 
Schultz and Zalusky (1963, 1964), Asano (1964) and Lyon and 
C rane (1965) have all found that the addition of actively transported sugars 
causes an immediate and rapid rise in the transmural potential, More- 
over, Schultz and Zalusky and Lyon have found that this rise 
in potential is accompanied by a proportionate increase in the mucosal — 
serosal flux of Na+. If it may be assumed that the potential measured in vitro 
is generated by the activity of a basally located Na*-pump and that the 
movement of sugars and Na+ across the brash border membrane are inter- 
dependent as postulated, an increased supply of Na+ for the pump and an 
increase in the transmural potential are then to be expected in the presence 
of an actively transported sugar (Curran 1965, Crane 1965). 

From the sum of these observations, the conclusion that Na+ interacts 
directly with the sugar carrier appears to be inescapable. Csaky (1963, 
1964), however, has recently taken an opposing view and has postulated 
that inhibition of sugar transported by K+ and related ions is caused not 
by an effect directly on the sugar carrier but by their entrance into the cell 
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and consequent dilution of intracellular Na+. Bosackova and Crane 
(1965 b) have studied the variations of intracellular Na+ under several different 
conditions of Na+ replacement and have found that sugar transport and 
intracellular Na+ concentration can vary independently. 

Recently, Crane, Forstner and Eichholz (1965) have found an 
additional Na+-dependent property of the sugar transport system which 
appears to go a long way toward explaining the results so far obtained; the 
apparent Km of the transport system for sugar is increased some 200 to 
300 fold when the Nat of the medium is decreased from 145 mEq/L to zero. 
Our interpretation of these various phenomena has been to assume two 
forms of the carrier; namely, the Nat-loaded carrier, as in the original 
postulate, with an optimal conformation for substrate binding and a Kt- 
loaded carrier in which conformation is so seriously altered as to affect 
substrate binding. As a first approximation, only two species of the carrier 
need be assumed, although it is easy to imagine several of the low Km carrier. 
Maximal affinity would be expected when all the carrier molecules are 
Nat-loaded and minimal affinity would be expected when all are K+-loaded. 
Intermediate values of affinity would be expected for various proportions 
of these two species. 

The possible consequences of the effect of Na+ on Km are obvious from 
theoretical considerations (Rosenberg and Wilbrand t 1963). Because 
of the chift in Km as the carrier faces, alternately, the Nat-rich medium 
and the Nat-poor cell contents, equilibrium must be established at tissue/ 
medium substrate ratios greater than 1. Also, since, at least in hamster and 
rat, only the Km varies with Na+ and the maximal rate remains the same 
or nearly the same no matter what the Na+ concentration, Na+ will have 
no effect if the substrate concentration is very high (Lyon and Crane 
1965, Crane et al. 1965). This would appear to be the explanation for 
the results of Csaky (1963) with in situ perfusion of rat intestine, which 
showed no effect of Na+ and which was one of the observations which led 
aim to dispute the postulated interaction of Nat with the carrier. The con- 
centration of 3-methylglucose used was 145 mM/L. 

On the basis of the foregoing, what appears to have been found is a mobile 
carrier membrane transport system dependent upon multiple asymmetries 
of which the following three have been identified; namely, 

1. the inward “downhill” Na+ gradient, which is effective because the 
rate of carrier movement is dependent upon interaction with Na+; 

2. the outward “downhill” K+ gradient, which may be assumed to be 
effective because intracellular K+ would be expected to interfere with Nat 
interaction for outward movement of the carrier; and 

3. the gradient of substrate-carrier affinity, which requires that equi- 
librium be established at a tissue/medium substrate ratio greater than 1. 
All three of these asymmetries depend ultimately upon energy-dependent 
translocation of Na+ out of the cell. However, it is important to recognize 
that there is no direct gearing of Na+-dependent transport of sugar to metabo- 
lism and that this kind of transport is, per se, an equilibrating system and 
not a vectorial biochemical activity. 
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Since it may be anticipated that any carrier system—for any substrate, in 
any animal cell—with which Nat interacts as postulated will result in the 
accumulation of substrate against a concentration gradient (all animal cells 
are relatively depleted in Nat), it is of some interest to note that similar 
relationships for Na+-dependent transport has been described with other 
substrates and other tissues, although the quantitative proportions of the 
several asymmetries appear to vary from cell to cell and with the substrate. 
The data and conclusions of the following contributions, among others, may 
be read in context with the present concept: Nathans et al. 1960, Csaky 
1961, Rosenberg et al. 1965, Lack and Weiner 1%1, Playoust 
and Isselbacher 1964, Holt 1964, Kotyk and Kleinzeller 1961, 
Fox et al. 1964, Parrish and Kipnis 1964, Allfrey et al. 1961, 
Yunis et al. 1963, Christensen 1962, Kromphardt et al. 1963, 
Vidaver 1964, and Varon 1965. 
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Intestinal Absorption of Fat 
By 


John M. Johnston and G. Ananda Rao 


University of Texas Southwestern Medical School, 5323 Harry Hines Blvd. 
Dallas, Texas, U.S. A. 


Divergent views on the mechanism of fat absorption that prevailed during 
the past 100 years have recently narrowed to a concept in which most investi- 
gators concur. This subject has been recently reviewed (Johnston 1963, 
Clément 1964, Senior 1964). The distinct phases of the digestion and 
absorption of fats will be discussed in the following sections. 


I. Lumen Phase 


Two major observations have contributed to our understanding of the 
digestion phase of fat absorption. The first was that pancreatic lipase hydro- 
lyzes triglycerides rather specifically at the 1 and 3 ester linkages, forming 
fatty acids and 2-monoglycerides (Mattson et al. 1952). The second major 
contribution was the observation that the products of the enzymatic cleavage, 
namely monoglycerides and fatty acids, in the presence of bile salis formed 
micellar dispersions (Hofmann and Borgstrém 1962). This physical 
form enables the fat to take full advantage of the absorptive surface of the 
mucosal cell, since the size of these particles is of an order of magnitude 
which allows free access to the inter-microvillous spaces. This phenomenon 
has recently been discussed (Bor gstr6ém 1964). 


II. Penetration Phase 


The mechanism by which fats penetrate the mucosal membrane is not 
completely understood. However, from recent experiments employing 
micellar solutions containing labeled monoglycerides and fatty acids, it 
was demonstrated that these two components are rapidly taken up by 
hamster intestinal slices and incorporated into triglycerides (Johnston 
and Borgstrém 1964). The uptake was not influenced by metabolic 
inhibitors, heat inactivation, and low temperature incubation. The tentative 
conclusion from these observations is that the physical phenomenon of 
uptake is independent of enzymatic and energetic considerations. 
Protoplasma, LXIII/1—3 
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III. Biosynthetic Phase 

There are at least two mechanisms for the synthesis of triglycerides in 
this tissue. The first pathway involves the acylation of a-glycerophosphate 
by fatty acid-CoA units, forming phosphatidic acid and diglyceride as inter- 
mediates (Johnston and Bearden 1960, Clark and Hiibscher 
1961). A second pathway for the synthesis of triglycerides in this tissue 
employing monoglyceride and fatty acid-CoA intermediates was recently 
described (Clark and Hiibscher 1960). The confirmation of this path- 
way was obtained by employing glycerol labeled monoglyceride (Senior 
and Issel bacher 1962) and doubly-labeled monoglycerides (Johnston 
and Bro wn 1962). This pathway probably accounts for the major synthesis 
of triglyceride by this tissue. The evidence for this assumption is provided 
by the findings that during the process of digestion and absorption a limited 
exchange of fatty acid occurs between the 2 and the 1,3 positions of tri- 
glyceride (Savary et al. 1961, Mattson and Volpenhein, 1962). 
Secondly, no appreciable increase in phosphatidic acids labeling occurred 
following triglyceride administration (Gurr et al. 1962). Finally, the two 
pathways have been evaluated, and it was shown that approximately 70-80% 
of the triglyceride synthesis in the intestine occurred via the monoglyceride 
pathway (Kern and Borgstrém 1965, Mattson and Volpenhein 1964). 

Both the 1- and 2-monoglycerides are acylated by the same enzyme. The 
enzyme shows a preference for the more physiological species, namely the 
2-monoglycerides (Johnston and Brown 1963, Ailhaud et al. 1963, 
1964; Brown and Johnston 1964a, b). In cell free extracts, the hamster 
can synthesize triglycerides from 1-monoglyceride and fatty acid CoA, while 
the rat acylates 1-monoglyceride forming the 1,3-diglyceride which is not 
further converted to triglyceride (Johnston et al. 1965). The intact incor- 
poration of 1- and 2-monoglycerides into triglycerides occurs without iso- 
merization at either the monoglyceride or diglyceride stages (Brown and 
Johnston 1964b). 

Enzymatically synthesized triglycerides have recently been further sepa- 
rated into specific chemical entities (Johnston and Rao 1965). When 
palmityl-CoA was incubated with 2-monopalmitin, 98.4% of the synthesized 
triglycerides were present in tripalmitin. Similarly, when oleyl-CoA was 
substituted for the palmityl derivative and incubated with 2-monopalmitin, 
84% of the triglyceride synthesized was oleyl-palmity]-oleate. 

The enzymes responsible for the conversion of monoglycerides and fatty 
acid to triglycerides have recently been purified approximately 100-fold. 
The purification has been accomplished with approximately a 45% recovery 
of the total activity present in the crude homogenate. The monoglyceride 
transacylase and the diglyceride transacylase would appear to be purified 
simultaneously. Furthermore, the enzymes necessary for the activation of 
the fatty acids are present in the purified fraction. On the basis of pre- 
liminary evidence it would appear that these enzymes are present in a multi- 
enzyme complex. This complex can be disassociated by the addition of 
certain detergents and the activity can be at least partially restored by the 
removal of the detergent. 
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IV. Chylomicron Formation 


The final phase of the absorptive sequence involves the coating of the 
synthesized triglycerides by lipoprotein complex to form the chylomicron. 
On the basis of the rapid rate of the penetration of micellar solutions and 
the biosynthetic steps, it was suggested that the rate-limiting step in the 
overall absorptive process may be in the formation of chylomicrons 
(Johnston and Borgstrém 1964). Recently, inhibitors of protein syn- 
thesis were injected into rats prior to a fatty meal (Sabesin and Issel- 
bacher 1965). A marked accumulation of triglycerides in the intestinal 
mucosal cells was observed. However, the puromycin-treated animals did 
not demonstrate a significant increase in the plasma triglyceride levels as 
compared to the untreated animals. The inhibition under the conditions 
of these studies was primarily due to an inhibition of lipoprotein synthesis 
which is associated with chylomicron formation. The enzymes involved in 
the biosynthesis of triglycerides were apparently unaffected. These findings 
provide the first fundamental evidence of the importance of protein synthesis 
in the formation of chylomicrons. 


Summary 


It is generally accepted that between 50 and 70% of the fatty acids of 
ingested triglycerides are hydrolyzed prior to absorption and yet migration 
between the 2 and 1,3 positions is minimal. The occurrance of the mono- 


. glyceride pathway for triglyceride biosynthesis provides a logical explana- 
' tion for these findings. In addition, this sequence provides a logical explana- 
t tion of the “particulate” and “lipolytic” theories. Triglycerides are hydro- 
J lyzed at the 1 and 3 positions giving rise to fatty acids and 2-monoglycerides, 
. which in combination with bile salts form micelles and penetrate the intestinal 
d membrane. The fatty acids are activated to the respective CoA derivatives 
and acylate the 2-monoglyceride forming triglycerides. The triglyceride 
he thus synthesized, has a similar chemical structure with regard to the 1,3 and 
- 2 position as the original triglyceride. The triglyceride is coated with a 
d f-lipoprotein and is transformed into chylomicrons which enter the thoracic 
” duct lymph. 
m It is suggested that this mechanism be referred to as the “PARLIP” 
sequence since, p articles in the form of micelles are involved in the absorp- 
ty tion, and in addition a considerable amount of lipolysis occurs. This 
d. terminology would represent a scientific merger of the particuiate and the 
ry lipolytic theories into a common sequence, while maintaining some identity 
de in recognition of the numerous investigations that have occurred in the past 
“ 100 years to support these two basic postulates. 
o 
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Studies on the Intercellular Junctions of Mesothelium 
and Endothelium 


By 
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Department of Pathology, Harvard Medical School, Boston, Massachusetts, U.S. A. 


With 6 Figures 


The passage of substances across the endothelial barrier may occur—theo- 
retically at least [1]—by two main pathways: a) Through the cells. 
Particles of colloidal gold [2] or molecules of ferritin [3] injected into the 
plasma are taken up by the pinocytic vesicles of the endothelial cells, and 
thereafter appear in the extravascular spaces. This and other forms of trans- 
cellular passage will not be dealt within this paper. b) Between the 
cells. Interest in the intercellular junction as a potential pathway is stimu- 
lated by physiologic studies, which indicate that trans-endothelial passage of 
ions and small molecules is a passive process. Dyes injected intra-arterially 
escape at discrete points along venules and capillaries [4], in a manner 
which could not be adequately explained by pinocytic transfer [1]. It has 
been stated that the endothelial cells are connected by “tight junctions” or 
zonulae occludentes |5, 6]. It has not, however, been shown that these junc- 
tions form a continuous band around each cell, and that they do indeed 
represent a tight seal. The zone of membrane “fusion” could represent, 
rather than a seal, a very fine filter permeable io water and to very small 
molecules [7, 8]. By electron microscopy, the passage of tracer particles 
along junctions which appeared to be still “closed” has been observed [9}: 
these studies were done in vitro, on rat hearts perfused with a saline solution 
containing particles of saccharated iron oxide (S.LO.). If a suspension of 
S.1.O. is injected intravenously, in vivo, tracer particles are generally not 
found in the intercellular junctions!. This may depend on the fact that the 
colloidal material does not circulate long enough and in sufficient concentra- 
tion. We therefore decided to test the passage of S.I.O. particles across the 
peritoneal mesothelium, by injecting them into the peritoneal cavity. Though 
different in several respects from the endothelium, the peritoneal lining has 


1 When S.I.O. is injected intravenously in vivo, occasionally a few small 
particles can be seen within an otherwise normal-appearing, “closed” junction: this 
was recently reported by H. W. Florey (Dunham Lectures, Harvard Medical 
School, Boston, Mass., March 1965) and was also noticed in our material, 
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certain properties which justify—within limits—its use as a model for the 
study of endothelium: it also consists of a single layer of squamous cells, 
supported by a basement membrane, connected by tight junctions (Figs. 1, 2), 


Fig. 1. Junction (J) between two mesothelial cells (M) overlying the cremaster 

muscle. Between arrows: the “tight” part of the junction, which is shown enlarged 

in Fig. 2 (fixed in osmium-veronal, embedded in epon and stained with uranyl 

acetate followed by lead citrate). B= basement membrane; MV = microvillus; 
I = interstitium, 


and containing pinocytic vesicles; its permeability properties are also similar 
to those of the endothelium [10]. 

In a typical experiment, 9ccm of a 7% suspension of S.L.O., isoosmotic 
with rat plasma, at pH 7.5, were injected intraperitoneally; 30 minutes later 
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the animal was killed, various abdominal organs and parts of the abdominal 
wall were fixed in formalin, and reacted in toto for iron (Prussian blue 
method). Apart from the diaphragmatic lacunae and milky spots of the 
omentum, intercellular deposits of iron were consistently found, by light 
microscopy, in the parietal mesothelium lining the scrotal sac; possibly 





-d Figs, 2-4. 
yl 
s; Fig. 2. Detail from Fig. 1. Approximately 120,000X. 
Fig. 3. Light micrograph of rat mesothelium, 30 minutes after intraperitoneal 
injection of saccharated iron oxide. Prussian blue reaction; 200X (see text). 
ir 


Fig. 4. Electron micrograph of the junction between two mesothelial cells, 10 minutes 
after intraperitoneal injection of saccharated iron oxide. Arrows show particles of 
1¢ S.I.O. in the junction, in vesicles and vacuoles. A tight junction is not resolved 
in this micrograph (Osmium-veronal, epon. Stained with lead citrate). 
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because fluid tended to collect and persist in this recess. The staining was 
in the form of a very fine regular mosaic outlining the cell borders; there 
was also a faint blue background partly consisting of very fine granules 
(Fig.3). This seemed to indicate that the S.I.O. particles tended to collect 
at or in the intercellular junctions. Electron microscopy (Fig. 4) showed 
particles of S.I.O. in the intercellular junctions (arrows); some were also 
present in vesicles and in large vacuoles in the immediate neighborhood. 
Such an image suggests that S.I.O. particles, under the conditions of this 
experiment, can take an intercellular pathway; however, it does not prove 
that the tight junction is permeable to the tracer, because no restriction 
clearly resembling a tight junction is seen. It can be concluded that the non- 
tight part of the junction is available as a pathway. Regarding the tight 
junction itself there are four possibilities: A. It is permeable to S.L.O. 
B. It is impermeable, but is either labile or does not form a continuous seal 
around the entire margin of the cell. C. It has been bypassed, by focal 
vesicular transport, as has been suggested for corneal endothelium [11]. And 
D., it has been dissociated as a result of the experimental procedure, perhaps 
in a manner similar to that of the endothelial cells of the venules where they 
form intercellular gaps under toe influence of histamine or serotonin [12]. 
A survey of the material suggests that the first two possibilities are quite 
likely; the last is demonstrably true in some instances. 

In order to test the permeability of the tight junction to smaller mole- 
cules, we applied the technique used by Mende and Chambers (|13] 
at the level of light microscopy: solutions of two different electrolytes are 
placed on either side of the endothelial membrane; the salts are so chosen 
that the anion of one solution will form an insoluble precipitate with the 
cation of the other. The sites at which precipitates form should indicate 
diffusion pathways. The light microscope [13] as well as published electron 
microscopic studies based on the same principle [14, 15] showed precipitate 
along the endothelial junctions; however, evidence of cellular damage was 
such as to warrant repetition of the experiment under conditions which 
would minimize cellular injury. 

Thus we elected to use barium as a cation and sulfate as an anion. In 
the course of these experiments, it became apparent that Ba++ alone “stained” 
the mesothelial intercellular junctions; the addition of the precipitating 
anion was not necessary for the localization of Ba*+ in the junctions, “Bat+ 


Fig. 5. Junction (J) between two mesothelial cells (M). Note the dense material in 

the junction; the finer precipitate in the interstitium (J) probably represents the 

same material. Fixed in glutaraldehyde-collidine, with 1% Barium chloride (pH 7.6); 

washed in collidine buffer and post-fixed in collidine-buffered osmium. Staining with 

lead citrate. B = basement membrane; Cf = collagen; F = fibroblast; J = inter- 
stitium; Mo = microvillus; N = nucleus, 


Fig. 6. Rat mesothelium. In this micrograph the dense material is localized to the 
intercellular junction (J) and to the vesicles adjoining it, Fixed in osmium-collidine 
with 1.7% Barium acetate (pH 7.8). Staining with uranyl acetate and lead citrate. 
I = interstitium; M = mesothelium; N = nucleus, 
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Figs. 5 and 6. 
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lines” could be demonstrated by light microscopy after: fixation (of meso- 
thelium overlying cremaster muscle) in 10% formalin with added 0.02-5% Ba 
acetate or Ba chloride; washing; and staining in toto with potassium rhodi- 
zonate, a histochemical stain for Bat+ and other cations [16]. Staining of 
junctions could also be obtained if the tissue was treated with Ba++ before 
or after fixation. For electron microscopy the procedure involved fixation 
in 1.3% collidine-buffered OsOs to which was added 1-5% Ba acetate or 
Ba chloride, followed by dehydration and embedding in Epon. Although 
the reproducibility of the results was only fair, electron microscopy showed 
deposition of electron-dense material in intercellular junctions (Fig.5) and 
occasionally in vesicles‘adjoining junctions and along the basement membrane 
(Fig.6). A flagstone pattern was also obtained, by light microscopy, in 
mesenteric blood vessels; the corresponding electron microscopic picture, 
however, was not as clearcut as with the mesothelium. 

The junctional localization of barium may be brought about by two 
different phenomena, which are not mutually exclusive: a) Passage of 
barium along the intercellular spaces. In this case one would have to assume 
that the “solution” of barium (or other divalent ions), as applied to the 
mesothelium, were not true solutions, but in part colloidal suspensions con- 
sisting of very small particles; these particles would be small enough to 
penetrate into the junction, but capable of being retained therein during 
the successive processing of the tissue. This is quite possible; a faint opales- 
cence, sometimes observed, suggested that colloidal material might well be 
present in the barium “solutions”. b) Staining, ie. local binding of Ba++ 
by negative charges on or between the cellular membranes: these negative 
charges could be either free anions or side chains of larger molecules, e.g. 
polysaccharides [17]. Preliminary experiments with other cations (Ca, Sr, Pb) 
have yielded light-microscopic patterns similar to those obtained with Ba. 
It is hoped that further studies along these lines may help to understand 
the structure and physiology of the intercellular junction. 
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The stretch receptor organ of crustaceans allows us to work with a whole, 
intact and isolated neuron which can be kept in apparently normal func- 
tional condition for several hours and in which impulse activity as well 
as oxygen uptake (Giacobini 1963 and 1965 a), enzymatic activity, sub- 
strates and ion concentrations (Giacobini 1965a, Giacobini and 
Grasso 1966, Giacobini and Marchisio 19%6a, Giacobini and 
Karlsson 1965, Giacobini 1965b) can be studied!. The increase in 
oxygen uptake which follows impulse activity is a function of the impulse 
frequency and is not dependent on the external K+ and Ca++ concentrations 
(Giacobini 1965a, Giacobini et al. 1965). 

Following alterations of the ionic environment (K+, Na+, Ca++, CI-) which 
exert known effects (Edwards et al. 1963) upon the electrical properties 
of the cell membrane, the oxygen uptake is reduced at different levels (except 
following omission of Cl-) (Fig. 1) (Giacobiniet al. 1965,Giacobini 
1965 a). Similarly, a marked reduction (30-40%) of oxygen uptake is noticed 
in the presence of ouabain and digoxin 10-5 M (Giacobini 1965a; Gia- 
cobini et al. 1965, Giacobini 1963, Giacobini 1966) which are 
known to inhibit Na+ transport in several mammalian cells (Whittam 
1964). The effect of ouabain depends on its concentration; concentrations 
higher than 10-5 M stimulate respiration (Fig.2) (Giacobini et al. 1965; 
Giacobini 1966). These data may indicate that the oxygen dependent 
fraction of the active transport may be in the order of 30-40% of the total 
cell respiration. An investigation of the effect of 19 metabolic inhibitors 
demonstrates (Giacobini 1966) that both impulse activity and respira- 
tion can be suppressed by very low concentrations of some respiratory 
inhibitors (amytal, antimycin A, cyanide and rotenone) and glycolytic inhibi- 
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tors (Na-iodoacetate and 2-deoxy-d-glucose) while inhibitors of-oxidative 
phosphorylation (azide, atractiloxide and oligomycin) are less active. Ethyl 
alcohol suppresses the electrical activity but has no effect on the respiration 
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Fig. 1. Per cent inhibition of the oxygen uptake of single crustacean nerve cell 
preparations in various electrolyte solutions. The mean value of several experiments 
is reported together with the confidence interval. 


% 
so 4 


407 bd 3 


te]; 


STIMULATION 





INHIBITION 


| 20, 


40 4 


60 + 





*le 


19 198 107 495 


105 


1053 moves/t 
— 


Fig. 2. The effect of different concentrations of ouabain on the oxygen uptake of 
single crustacean nerve cell preparations expressed as per cent of uptake in the 
physiological solution. 


(Giacobini 1966). The complete inhibition of protein and RNA syn- 
thesis obtained by adequate concentration of puromycin and actinomycin D 
respectively has no effect either on the impulse activity or the respiration 





(Giacobini 1966, Toschi and Giacobini 1965). 
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By means of the cycling method described by Lo wr y et al. (1964) several 
glycolytic and Krebs’ cycle intermediates, phosphate compounds and pyridine 
nucleotides have been determined in the isolated cell preparation both at 





Fig. 3. General view of a modified microflamephotometer for simultaneous deter- 

minations of Nat and K+ in single cells, Note the flamephotometer with two photo- 

multiplier tubes (lower right) the power supply and the integrating circuit (lower 

middle), the potentiometric recorders (upper middle) and the recording double 
beam oscilloscope (lower left). 
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Fig. 4. Diagrammatic representation of the coupling between energy metabolism 
and Nat and K+ transport in the crustacean stretch receptor cell. See text. 


rest and after prolonged physiological stimulation (Giacobini and 
Grasso 196%, Giacobini and Marchisio 1966). A functional signifi- 
cance of glycolysis and Krebs’ cycle in this neuron was demonstrated by 
the variations of substrate levels during impulse activity (Giacobini 
and Grasso 1966, Giacobini and Marchisio 1966) and their 
effect on respiration (Giacobini and Marchisio 1965). In connec- 
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tion with the metabolic studies, the intracellular K+ and Na+ is determined 
with a modified microflamephotometric technique, having a sensitivity of 
10-15 moles which is enough for single cell or parts of cell determinations 
(Giacobini and Karlsson 1965). After the dissection and a period of 
incubation in different ionic media, the fresh sample or the frozen-dried, 
one is rapidly brought into a gas flame. The light emitted by the flame is 
focussed through selective filters on two photomultiplier tubes, the output 
of which is displayed on an oscilloscope (Fig.3). An input sensitivity of 
500 mV/cm gives a5 cm deflection for a sample containing 1 X 10—7 moles K+. 
The output signals from the photomultipliers are simultaneously registered 
by two potentiometric recorders via an integrating circuit (Giacobini 
and Karlsson 1965). The intracellular K+ value for resting cells incubated 
in physiological solutions (Ko = 5.55 mM) is 1.73 +-0.18 S.E.M. corresponding 
to about 180meq/kg cell HoO. Nat and K+ were determined in single 
neurons after different periods of incubation in media in which the con- 
centration of 5 different ions (K+, Nat, Ca++, Cl— and Mg++) was varied or 
one of them was omitted (Giacobini 1965 b). K+ and Nat concentrations 
were also determined after incubation with different metabolic and ion 
transport inhibitors (Giacobini 1965b). An energy requiring system 
coupled to transport of ions in the crustacean stretch receptor neuron is 
suggested on the basis of the above results (Giacobini 1965c) and is 
schematically illustrated in Fig.4. This diagram is similar to that described 
by Maitra et al. (1964) for the electric organ. 
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Some Aspects of Glucose Transport in Kidney Cortex Slices 
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Since galactose accumulation against a concentration gradient in kidney 
cortex slices was first shown by S. M. Krane and R. K. Crane (J. Biol. 
Chem. 234, 211, 1959) and its dependence on external Na was demonstrated by 
A. Kleinzeller and A. Kotyk (Biochim. Biophys. Acta 54, 367, 1961) 
the observation have been correlated with the reabsorptive capacity of 
kidney tubular cells for glucose. 

The transport and steady-state cellular level of glucose and some other 
monosaccharides in kidney cortex slices and isolated tubules has been investi- 
gated with the following results: 

1. In slices forming glucose from added substrates (fumarate, glycerol) 
there occured an accumulation of glucose against its cuncentration gradient; 
the S;/S, ratio was found to increase with decreasing glucose formation. 

2. The apparent intracellular concentration of glucose in kidney cortex 
slices was higher than the outside concentration when the latter was below 
0.2 mM (whether glucose was added to the saline or formed by the cells from 
added substrated), whereas at higher outside concentrations of glucose the 
S,/S, ratio fell well below 1.0. 

3. The same relationship between sugar accumulation and its external 
concentration was demonstrated to hold as well for galactose, ie. a high 
accumulation at lower concentrations and a decrease in the 5,/S, ratio to 
1.0 at external galactose concentrations above 5mM. Xylose behaves in 
the same way. 

4. 0.5 mM phlorizin and 0.1. mM ouabain increased the S,/S, ratio in slices 
forming glucose; similarly, 0.5mM phlorizin inhibited the efflux of galactose 
from kidney cortex slices. 

5. 0.1mM DNP does not bring about an equilibration of the intracellular 
and extracellular sugar concentrations once the steady-state S,/S, ratio has 
reached a value of less than 1.0. This is taken as evidence for the absence 
of a diffusion leak for the sugar. 

6. The dependence of the steady-state S,/S, ratio of glucose on the out- 
side concentration is identical in kidney cortex slices and kidney tubules 


prepared as described by M. B. Burg and J. Orloff (Amer. J. Physiol. 
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203, 327, 1962) suggesting that i.e barrier of the peritubular membrane is 
not responsible for the observed data. 

7. Evidence has been collected to show that phloretin glucoside and 
phloretin galactoside differ in their inhibitory effect on the accumulation of 
galactose in the cells of hamster intestine and kidney cortex. 

8. The steady-state sugar level in the cells is a function of the ratio of 
sugar entry and outflow (and in the case of glucose also a function of utiliza- 
tion and formation). Assuming the same direction of sugar transport in vitro 
as in vivo, the values of S,/S, lower than 1.0 at higher outside sugar con- 
centrations cannot be explained by the relatively low rates of sugar utiliza- 
tion. The possibility should be considered instead that at low sugar con- 
centrations the up-hill accumulation in the cells is primarily brought about 
by a metabolically linked pump, presumably localized at the tubular mem- 
brane, whereas at higher outside concentrations the low S,/S, of the sugars 
examined may be due to the additional operation of a pump directing the 
flow outwards. 
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With 4 Fisures 


It is not yet completely established whether oxytocin increases the net 
flux of sodium through the epithelial cells of the amphibian skin and bladder 
by increasing the passive permeability coefficient to sodium of the mucosal 
border [1, 2] or by stimulating the active transport mechanism itself. 

When frog skin is bathed in sulphate Ringer as inside medium and 
low sodium (|Na] <1mEgq/L) sulphate Ringer as outside medium, the 
short-circuit current is negative, and the net flux of sodium outwardly 
directed; this would indicate that the electrochemical gradient for sodium 
ions at the mucosal border as well is reversed as compared to the normal 





Fig. 1. Diagrammatic representation of the expected action of oxytocin on the net 
flux of sodium through the frog skin placed in conditions in which the electrochemical 
gradient for sodium ions across the mucosal border of the epithelial cells is oui- 
wardly directed. This is achieved by using short-circuited conditions, sulphate Ringer 
as serosal bathing medium, and a similar medium but with very low sodium 
concentration as mucosal bathing medium. If the hormone increases the passive 
permeability coefficient to Na of the mucosal membrane (I), the outwardly directed 
net flux of sodium is expected io increase. If the hormone enhances an active 
transport mechanism located either at the serosal border (II) or at the mucosal 
border (III), the net flux of sodium is expected to decrease or even to reverse in 
direction. 
Fig. 2. Diagrammatic representation of the expected action of oxytocin on the 
net flux of sodium through the frog skin placed in similar conditions as in Fig. 1. 
It is here assumed that a net passive leak of sodium ions takes place between the 
epithelial cells; in such an hypothesis, the electrochemical gradient for sodium ions 
across the mucosal membrane could be inwardly directed even when the total net 
flux of sodium through the skin is outwardly directed. As a result, oxytocin could 
reverse the direction of the net flux of sodium by only increasing the passive 
permeability to sodium of the mucosal membrane. 
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state. Addition of oxytocin to the preparation results in a increase. in the 
Na*4 influx; simultaneously, the current becomes less negative or even changes 
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in direction. From these observations, it was concluded [3] that oxytocin 
must have an action on some active step involved in the transport of sodium 


' (Fig. 1). 
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Nevertheless, if there is a large leak of sodium through the skin along 
an intercellular pathway [4], the total net flux of sodium could be outwardly 
directed even if there were an inwardly directed electrochemical gradient 
across the mucosal membrane of the epithelial cells; this would occur when 
the net flux through the leak is larger than that through the cells. Under 
such conditions, oxytocin could reverse the direction of the current merely 
by increasing the passive net uptake through the mucosal border of the cells 
(Fig. 2). Such an hypothesis requires that the driving force of the serosal 
transporting mechanism be equivalent to an electromotive force, Ey,, of about 
180 to 190m (Fig. 3), in agreement with recent data from investigations on 
the toad bladder [5]. 

Further experiments were performed in which outward directed net 
flux of Na+ through the skin was achieved by inhibiting the active trans- 
port of Na with strophantidin (7-10—®M, inside medium). This effect was 
obtained using Ringer-chloride media, outside [Na] ~5 mEq/L. 

Addition of oxytocin resulted in a constant increase the Na influx; simul- 
taneously, the current sometimes increased in negativity, sometimes reversed 
in direction (Fig. 4). 

In conclusion, these data do not permit an unequivocal answer to the 
question of whether oxytocin increases sodium uptake by frog skin solely 
by increasing the passive permeability of the outward border or by stimulat- 
ing some active step of the sodium transport system. 
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Fig. 3. Action of oxytocin on the short circuit current measured as a function of 
the outside Na concentration on two symmetrical pieces of the same frog skin. 
Inside medium: sulphate Ringer: outside medium: the same solution, but with various 
low Na+ concentrations. On the abscissae, the chemical gradient for sodium ions 
across the skin is expressed by the corresponding diffusion potential. Oxytocin 
appears to be without effect only when the lowest [Na] ext is used (0,05 mEq/L). 
If the hormone acts by the mechanism suggested in Fig. 2, this would indicate an 
electromotive force of the Na transporting system of about 190 mV 
in this experiment. 
Fig. 4, Action of oxytocin on short-circuit current and sodium influx in three frog 
skin pieces treated with strophantin at zero time. Inside medium: chloride Ringer; 
outside medium: chloride Ringer with low Na concentration (5,65 mEq/L). As a result 
of the strophantin action, the short circuit current becomes negative; further 
addition of oxytocin increases the Na influx in all experiments, whereas the short 
circuit current is either reversed in direction (upper curve) or increases in negativity 
(two other curves). 
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Sodium Transport across Bullfrog Skin 
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With 1 Figure 


5-hydroxytryptamine (5 HT) has been shown to promote the reabsorption 
of sodium by the renal tubule (Blackmore 1958, Little et al. 1961); it 
is also considered as an inhibitory transmitter substance in the central 
nervous system (Brodie and Sha w 1957, Twarog 1954). Despite these 
and other important réles played by 5 HT, its effect on membrane perme- 
ability and transport in relatively well-defined systems is not known. Hence, 
this investigation was undertaken to study the effect of 5HT on sodium 
transport across frog skin. 


Methods and Materials 


The ventral skin of the bullfrog, Rana catesbiana, was mounted between 
4ml. lucite chambers as a flat sheet having an area of 3.14cm?. The chambers 
employed were connected by salt bridges to saturated calomel electrodes 
for measurement of electrical potential difference. Current was delivered 
through Ag-AgC]l electrodes. The chambers were similar in design to those 
described by Ussing and Zerahn (1951). The skin was bathed in 
frog-Ringer’s solution (Na+ 115, Cl-117, HCOs—2.5, Ca++ 1.0, K+2.5mM) and 
was allowed to stabilize for approximately one hour before the effect of 
5 HT (serotonin creatinine sulfate complex, CalBiochem) was studied. Frog- 
Ringer’s solution containing 5 HT was then placed on the inside surface 
of the skin and changes in the electrical potential difference (PD) and short- 
circuit current (SCC) were measured for at least 30 minutes. Because of 
the acidic nature of the serotonin-creatinine sulfate complex, it was necessary 
to titrate the Ringer's solution containing 5 HT with NaOH or Trizma Base 
| Tris-(hydroxymethyl)-aminomethane, Sigma Chemical Company] to obtain 
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a pH of approximately 8. When NaOH was used, the Na+ concentration 
of the Ringer’s solution was increased by approximately 5 mM. 

Simultaneous unidirectional sodium fluxes were measured in four short- 
circuited skins by labelling the outside solution with Na®? (influx) and the 
inside solution with Na* (efflux). Samples were removed from both chambers 
every 20 to 30 minutes for counting, and replaced with equal volumes of 
the appropriate stock isotope solutions. Samples were counted on the day 
of the experiment and were recounted 14 days later (22 half-lives of Na**‘). 
The difference in counts between the two measurements was attributed 
entirely to the decay of Na*4. Fluxes in the absence of 5HT were first 
determined for one or two twenty-minute periods; 5HT was then added 
and the fluxes determined for one or two more periods. In both cases, 
before the flux measurements were made, thirty minutes were allowed for 
specific activity equilibrium between the sodium pool of the skin and the 
isotope-containing bathing solutions. 


Results and Discussion 


Typical experiments illustrating changes in PD and SCC induced by 
5 HT are shown in Fig.1. Five to ten minutes after addition of Ringer's 
solution containing 5 HT to the chamber bathing the inside surface of the 
skin, both PD and SCC began to decrease. The rate of reduction was greatest 
10 to 15 minutes after addition of 5 HT, and by 30 minutes PD and SCC had 
reached new, relatively stable levels. In some experiments, PD and SCC 
were monitored for as long as 90 minutes in the presence of 5 HT; changes 
in PD and SCC after 30 minutes were less than 10% of the total change. 
When 5 HT was removed from the inside medium, the PD and SCC returned 
toward control levels. However, the extent of reversibility was variable and 
dependent upon the 3 HT conceniration to which the skin was previously 
exposed. At concentrations of 5 HT below 12.5 mM, its effects were usually 
more completely reversible than at 12.5mM or above. (Compare experi- 
ments 8 and 12, Fig. 1.) 

The magnitude of the reductions in PD and SCC also varied with 5 HT 
concentration, as shown in Fig.1 and Table 1. In the table, reduction in 
SCC 30 minutes after addition of 5HT has been expressed as a 
per cent inhibition (agcc), defined after Curran and Gill (1962) as 


SCC in presence of 5 HT 


100 x} 1— control SCC . A similar definition has been used for 


app. Treatment of the experimental results in terms of agcg permitted com- 
parison of data from frogs whose SCC’s before addition of 5 HT were often 
widely different. As the concentration of 5HT increased, aggg increased 
rapidly up to about 12.5 mM, and much more slowly above this concentration. 
The maximum agcg was approximately 60%. Although app was similerly 
dependent upon 5 HT concentration, it was usually less than aggc and showed 
more variability. 

In three experiments, 5 HT was added to the outside medium; no signifi- 
cant change in either PD or SCC was noted. Ringer’s solution containing 
buffered creatinine sulfate at a concentration of 12.5mM was placed in the 
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inside chamber in two experiments; both PD and SCC were reduced by 
20 to 30% during the first 5 to 15 minutes, but returned spontaneously to 
control levels within 40 minutes. 


Table 1. Changes in SCC and PD as a function of 5 HT concentration. 
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Fig. 1. SCC and PD across bullfrog skin as a function of time. Length of shaded 
bars indicates presence of 5 HT in medium bathing inside surface of frog skin. 


Results of unidirectional sodium flux measurements are presented in 
Table 2. During the control period, sodium influx was approximately eight 
times greater than sodium efflux, and net flux was equivalent to the measured 


value of SCC. In the presence of 5HT, sodium influx was reduced by 


almost one-half, while sodium efflux remained unchanged. Net sodium flux 
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was thus reduced by more than one-half, in good agreement with the reduc- 
tion in measured SCC. 

From these results, it is clear that 5HT reduced net sodium flux by 
specifically depressing sodium influx. 

Preliminary experiments have indicated that vasopressin (Parke, 
Davis and Co. commercial pitressin, 250 milliunits/ml. in the inside bathing 
solution) reduced the inhibitory action of 5HT on SCC in a competitive 
manner. It is possible that these two substances share a common site of 
action somewhere in the sodium transporting system. In contrast, the full 
inhibitory effect of 5 HT on Na transport can be superimposed on an already- 
existing inhibition produced by 10 mM Cat+ in the outside solution (Curran 
and Gill 1962). This fact indicates that the mechanism of action of 5 HT 
in reducing Na transport is probably different from that of high Ca++ 
concentrations. 


Table 2. Effects of 12.5mM 5 HT on unidirectional sodium fluxes. 





Control (6) | 5HT (5) 








Na22 influx | 

(uEq/min) x 10-7 | 8840.4 4.7 + 0.6 
Na?4 outflux 

(uEq/min) x 107 | 1440.38 1.14 0.3 
Net flux | 

(uEq/min) x 10-2 | 7.7405 3.6 + 0.7 

(uA) 1126 +7 58 +7 
Short-circuit current | 

(uA) | 138 +6 53 +9 


Fluxes are given as mean values + standard errors. Figures in parentheses indicate 
number of experimental periods. 


Summary 


5-hydroxytryptamine, when present in the solution bathing the inside 
surface of bullfrog skin at concentzations of 0.25—25.0mM, reduced both 
electrical potential difference and short-circuit current across the skin. The 
magnitude of reduction in potential difference and short-circuit current was 
dependent on 5HT concentration. Reduction in sodium influx entirely 
accounted for the reduction in short-circuit current. Preliminary evidence 
suggested a competition between 5HT and vasopressin in the production 
of their effects on sodium transport across the skin, while high Ca*+ con- 
centrations and 5 HT seemed to act independently of each other. 
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Biology is now in a critical state of transition: we realize at last that 
our methodological approaches as well as our panoply of concept are out- 
dated and cannot be of much help as far as explanations of biological func- 
tions is concerned. This is specially true in the field of membrane perme- 
ability where it is clear that we do not learn very much any more about 
mechanisms by simply studying the fluxes across a membrane. 

It seems that a more promising approach is to concentrate on the bio- 
chemical aspects of the problem by looking for new experimental evidence 
relating membrane properties to some metabolic aspects of the cell. This is 
our basic attitude in the study of the relations existing between amino acids, 
sugars etc. and the inorganic ions. 

Asa rule the active transport of inorganic ions may proceed in the alsence 
from the medium of organic ions or molecules while the converse is noi true. 
The inorganic composition of the external medium has also profound in- 
fluences on the nitrogen metabolism as shown by the results obtained in our 
laboratory on the osmoregulation of amphibians or aquatic invertebrates. 
Our results show indeed that urea in amphibians, amino acids in the blood 
of insects, or free amino acids in the intracellular liquid of aquatic inverte- 
brates play an important role in the osmoregulation. We have proposed 
that this function of the organic ions or molecules is under the control of 
the inorganic ions, meaning further that the activity of enzyme systems con- 
trolling the rate of production of various metabolites is influenced by the 
inorganic ions. 

Experiments in which we have used pyruvate-1 or -2-44C and glucose- 
U-4C as substrates have shown that in the presence of veratrine, cocaine, Or 
during electrical stimulation, the synthesis of amino acids in the isolated 
ventral nerve chain of Homarus vulgaris L. is modified. While cocaine is 
known to interfere with the entrance of activated acetate in the Krebs cycle, 
verairine as well as the electrical stimulation (frequency 10— sec during one 
hour) modify the cationic balance in the isolated nerve as shown by our 
analysis dealing with the ionic content of the preparation. Thus in conditions 
of modified ionic balance in the intracellular fluid, our results show that the 
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synthesis of amino acids is affected. Since the adaptation of euryhaline 
crustaceans to medium of various concentrations is accompanied by modifica- 
tions of the nitrogen excretion as well as of the ionic content of the cell, 
it is reasonable to propose that in euryhaline species the osmoregulatory 
function of amino acids is accomplished by an ionic control of the cata- 
bolism or of the synthesis of certain amino acids. 


Table 1. Activity of purified GDH from commercial origin (beef liver). 

















Buffer | Control | Nacl | NaNO, | Kel | KNO, | NH,CI | NH,NO, 

Phosphate | 

(2uMjml; | 

pH 7.8) 150 | 225 625 95 172 315 1042 
Tris acetate 

(20 uM/ml; 

pH 7.8) 116 320 206 183 | 202 360 
Histidine 

(15 uM/ml) | 

pH 7.3 375 | 510 276 425 315 | 760 515 

pH 7.8 445 | 565 251 475 288 739 485 








Initial velocity (OD units per minute) for three different buffers as.a function of the 
ionic composition of the incubating medium. The reaction mixture~contains 20 uM/ml 
NH, acetate and 100 uM/ml of salt added. Please note that with phosphate buffer 
the enzyme is diluted 600 times while with the two other buffers it is diluted 3600 times. 


Accordingly it should be possible to find enzymes or enzyme systems 
the activity of which is affected by the ionic content of the incubating 
medium. We have indeed been able to show that the activity of the L-glutamic 
acid dehydrogenase (GDH) extracted from the kidney or the liver of mam- 
mals, the muscle or gills of Crustaceans, the gills of fishes etc. is directly 
related to the ionic composition of the incubating medium. Fig. 1 and 2 show 
e.g. the results obtained with a crude extract of the gills of Palinurus vulgaris 
Latr. 

In these experiments the activity of the enzyme is measured by estimating 
at 340 my the rate of oxidai'on of B-NADH (thus the synthesis of glutamate) 
in various conditions. The results shown are expressed as the reciprocal 
of the initial velocity (in OD units) as a function of the reciprocal of the 
concentration in various salts. It can be seen that we are not dealing with 
a simple kinetics. The interesting finding is that both the anion and the 
cation are important in determining the kinetics of the reaction. It is also 
worth noting that with marine invertebrates the maximum activity is 
obtained with a salt concentration around 400 mM while with a fresh water 
species (the goldfish) only 100mM are required. The results obtained on 
crude cellular extracts can be reproduced on a purified commercial prepara- 
tion of glutamic dehydrogenase. Here again the specific effect of certain 
ionic species can be demonsirated, and this raises the important question 
of the mechanism underlying the activating effect of some ionic species 
5* 
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(Table 1). At low concentrations of substrate (@-NADH or a-ketoglutarate) 
all the ions are inhibitors of the reaction while at high concentrations some 
are activators as shown by Figs. 1, 2 and Table 1. 

Our study of the fluorescence of the complex enzyme-$-NADH indicates 
that the affinity and not the number of binding sites on the enzyme is 
affected by the various salts. 
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Fig. 1. Activity of GDH extracted from the gills of Palinurus vulgaris Latr. 
Reciprocal of initial velocity (OD units min—) as a function of the reciprocal of 
ammonium salts concentration. 


Detailed kinetic studies indicate that the cations are activators (except Li) 
probably by changing the state of aggrevation of the enzyme while the anions 
are inhibitors by competing with a-ketoglutarate. Among the anions tested 
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chloride has almost no inhibitory effect while nitrate, phosphate or acetate 
are the most potent inhibitors. 

t A detailed account of our work is given in the publications mentioned 
in the bibliography. 
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Fig.2. Activity of GDH extracted from the gills of Palinurus vulgaris Latr. in the 
presence of various salts, The reaction-is performed in the presence of 300 uM/ml 
NH, acetate, Reciprocal plot. 
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Role of Intestinal Disaccharidases in Sugar Transport 


By 
G. Semenza 


Departments of Biochemistry, University of Zurich, Switzerland, 
and The Chicago Medical School, Chicago, Illinois, U.S. A. 


Summary 


A number of observations show that intestinal sucrase is closely located, 
in the brush borders, to the sugar transport system. 

1. Both intestinal sucrase (Se menza et al. 1963, 1964; cf. also Crane 
Kinter 1961) and sucrase (Miller and Crane 19%1; Doell, Rosen 
and Kretchmer 1963) are located in the brush borders. 

2. The glucose moiety of sucrose is better absorbed than free glucose 
(Fridhandler and Quastel 1955; Miller and Crane 1961). 

3. The glucose moiety of sucrose is absorbed directly and is not previously 
released into the medium (as shown by the fact that the presence of glucose 
oxidase in the medium does not reduce the absorption of glucose from 
sucrose, Miller and Crane 1961). 

To this notion we intend to add that the sodium site of intestinal sucrase 
is either identical with, or very similar to, the sodium site of sugar transport 
system: 

1. Both intestinal sucrase (Semenza et al. 1963, 1964, cfr. also Crane 
1962) and sugar absorption (Riklis and Quastel 1958, Bihler and 
Crane 1962) are activated by Nat. 

2. Both sucrase (Semenza et al. 1963, 1964) and sugar transport 
(Bosaékova and Crane 1965) are inhibited competitively (toward Na‘) 
by ammonium and by other cations of the first group. 

3. In the hamster the K, (Na-activation constant in the absence of sucrose) 
as well as K’, (Na-activation constant at infinite sucrose concentration) are 
very similar (Semenza 1966) to the corresponding constants of sugar 
absorption (Crane, Forstner and Eichholz 1965). The ratio be- 
tween the two is large: therefore, Nat-activation (both of sucrase and of 
sugar absorption) results in a marked decrease of the apparent K,,, with 
little or no effect on the maximal velocity. 

4. In the rabbit, both the Nat-aciivation of sucrase (Semenza 1966) 
and the Nat-activation of sugar transport (Schultz and Zalusky 1964) 
are characterized by a large increase in maximal velocity with little change 
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in the apparent K,,-values. The K’x,/K’na+ ratio is essentially the same for 
both systems. 

The sugar site of sucrase is probably not the same as the sugar site of 
the transport system: in fact, we have seen that phlorizin, a well known 
substrate-competitive inhibitor of sugar transport, does not appreciably affect 
intestinal sucrase. Conversely, Tris, a substrate-competitive inhibitor of 
sucrase, does not affect sugar transport (Bosaékova and Crane 1965). 


References 


Bihler, L, and R, K. Crane, 1962: Biochim, Biophys. Acta 59, 78. 

Bosaékova, IL, and R. K. Crane, 1965: Biochim. Biophys. Acta 102, 423. 

Crane, R. K., 1962: Fed. Proc. 21, 891. 

— G.Forstner, and A. Eichholz, 1965: Biochim. Biophys. Acta 109, 467. 

Doell, R., G. Rosen, and N. Kretchmer, 1964: Presented at the Society for 
Pediatric Research, Seattle. 

Fridhandler, L, and J. H. Quastel, 1955: Arch. Biochem. Biophys. 56, 412. 

Kinter, W. B., 1961: In: Proce. 12th Ann. Conf. Nephrotic Syndrome J. Metcoff 
ed.), New York, p. 59. Natl. Kidney Dis, Found. Publ. 

McDougal, D.B., Jr. K. S. Little, and R. K. Crane, 1960: Biochim. Biophys. 
Acta 45, 483. 

Miller, D., and R. K. Crane, 1961: Biochim. Biophys. Acta 52, 281, 293. 

Riklis, E. and J. H. Quastel, 1958: Can. J. Biochem. Physiol. 36, 347. 

Schultz, S.G., and R. Zalusky, 1964: J. Gen. Physiol. 47, 1043. 

Semenza, G. R .Tosi, and M-C. Delachaux-Vallotton, 1963: Helv. 
Chim. Acta 46, 1765. 

— — M-C. Delachaux-Vallotton, and E. Miilhaupt, 1964: Biochim. 

Biophys. Acta 89, 109. 











Temporal Resolution of Heat Exchange during Action 
Potential of Nerve! 


By 


C. 8S. Spyropoulos? 


Institute of Physics, University of Genova, ltaly 


With 3 Figures 


The response of nerves or electric.organs is known to be accompanied 
by heat production followed by an absorption [i—3]. The present author 
previously found that the response of a number of tissues was initiated at 
a threshold by a sudden reduction in the temperature and “abolished” at 
a threshold by a sudden increase in temperature of the preparation [4]. In 
addition it was found in the squid axon and in other tissues that by an 
appropriate combination of a thermal source and a voltage source almost any 
point in the I-V plane was an operating point [5-7]. These findings have 
prompted the author to attempt to obtain a temporal resolution of heat 
exchange during the action potential. The results are briefly presented in 
this communication. 

The technique employed for thermal detection was somewhat unorthodox 
although the principle was merely that of Edison’s microphone. A micro- 
pipette (Fig.2.A) or more often a constricted tube (Fig. 2B) was filled with 
water and colioidal carbon (Aquadag). The relative amounts for a given 
tube or pipette were chosen by trial and error. In Fig.1 is presented the 
dependence of the resistance of one of these elements upon temperature. 
This dependence is not typical of the samples examined. Near or at the 
freezing point of water the sensing element of Fig.1 and those required for 
the present experiments behaved as a temperature cut-off device. The 
resistance of the sensing element was “clamped” in the sensitive region by 
the arrangement illustrated in Fig. 2 A (less successfully by passing current 
through the element) in conjunction with maintaining the nerve (the sciatic of 
Rana temporaria or Bufo vulgaris) preparation below 0°C (— 0.2 to — 0.5%). 

Thus the resistance of the sensing element was fluctuating within the 
operational resistance range (e.g., in element of Fig.1, 1.3 Meg and 50K). 


1 Supported by Gruppo di Cibernetica del C. N. R. 


Present address: Department of Physiology, University of Chicago, Chicago, 
Illinois, U.S. A. 
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The average time of transition was about two orders of magnitude longer 
than the duration of the response. 

Ascertaining whether or not the positive heat is associated with the begin- 
ning of the response and the negative with the end was simplified by using 
prolonged responses, rectangular (heart-like) in configuration. This was 
accomplished by treatment of the nerve with 
barium. External electrodes were employed 
both for stimulation and recording. The nerve 
was “driven” until the response showed a dis- 
crete ending. In Fig.3 are presented the results 
on one nerve (of Rana temporaria). In this in- 
stance the constricted tube method was em- 
ployed. Only four other preparations showed 
results as clear as the one presented. In some 
preparations only the positive heat was detec- 
ted, in many, not even that. The upper-tracc 
in each frame represents the response. The 
ending of the depicted response most likely 
represents the coincident ending of the re- 
sponse of only a fraction of the constituent 
fibres. The bridge unbalance in the lower trace 
in the top four frames represents a decreased 
resistance of the sensing element indicating an 
increase in temperature of the element (note 
in this connenction frame 5 where the bridge 
was initially unbalanced by an increase in the 
resistance in the compensating arm). In frame 
3 the bridge was “balanced” fortuitously by the 
heat induced by the flash of light from the 
“thermostatic” device (Fig.2). I have no esti- 
mate of the magnitude of the heat exchanges 
and trust only to a very limited extent their 
time course. Inasmuch as the “bottleneck” of 
the resistance is the constricted region of the 
iube (or the tip of the pipette), the heat capa- 

Fig. 3. city of the sensing element is low, its response 

time presumably is fast; however, I suspect 

that the time resolution of heat exchange in nerve was limited by the una- 

voidable nonuniformity in the duration of the response of the individual 

fibres comprising the nerve trunk and possible contribution by the “latent” 

positive heat started at the beginning of the spike and the negative at the 

end. This was the only clear result but obtaining it also was the only in- 
centive for having undertaken these experiments. 











The experiments with the constricted tube were better than those with 
the pipette probably on account of diffusion of electrolytes in the tip of 
the pipette; this would be expected to affect the freezing point of the 
water. 
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The results support the conjecture [4—7| that the rising phase of the action 
potential involves an exothermic process and the falling an endothermic 
and that at least part of the “early” heat exchange is a consequence of 
exchange reactions between monovalent and divalent cations. 

The ancillary data in support of this hypothesis in large part consist 
of the findings (A) that the curves representing the dependence of the mem- 
brane potential upon calcium is similar to that upon temperature, (B) that 
both these curves are “mirror images” of that for the dependence of the 
potential upon potassium under hyperpolarization, and (C) that the effects 
of all three, calcium, potassium and temperature are interdependent. 

Brief reference to the heat data presented above was made previously 
[5—7]. Independently Keynes (personal communication) on nerves whose 
responses were not chemically prolonged and A bb ot t (personal communica- 
tion) on barium treated vagus nerves of the rabbit have obtained similar 
results employing the thermopile technique. 
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Energetics of Transport 
By 


Manfred L. Karnovsky 


Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts 02115, U.S. A. 


This brief review is intended specifically as a cementum to the papers 
in the section on physiology in this Symposium. Since those papers are 
diverse in approach and content this short essay can not cover the situation 
adequately. Much less could it aim at being comprehensive with respect 
to the field concerned with the energetics of transport processes. I felt it 
best simply to focus on some situations in which metabolic energy has been 
shown to be required for the movement of substances across cellular bound- 
aries and to cover some of the mechanisms of energy transduction or utiliza- 
tion that have been suggested. 

Despite ingenious experimentation and sophisticated thinking, the field 
still rests heavily on arguments by parallel or analogy. For example, energy- 
yielding metabolic changes or perturbations have been considered to underlie 
a transport process when such changes occur in parallel with the transport 
process itself. Further, metabolic energy has been considered necessary for 
the transport of a substance when blocking the energy-yielding metabolic 
machinery has influenced the transport process. Calculations from the magni- 
tude of metabolic changes associated with transport have yielded figures 
for the energy required to drive a given transport process—the actual move- 
ment of a substance and the immediate concomitants in the cell, such as, 
for example, any rearrangements and/or repair of membrane systems that 
may be essential to the transport. 


Phagocytosis and Pinocytosis 


Phagocytosis—the uptake of solid particles of the order of one micron in 
diameter—is perhaps the grossest phenomenon that might be classed as 
a “transport”. Though it was earlier considered not to require the expendi- 
ture of metabolic energy, but to be driven solely by physical forces, that 
is, by the surface forces involved [1—3], it is now known to be accompanied 
by metabolic perturbations, some of which provide energy [4]. In different 
types of cells, blocking various metabolic sequences inhibits particle uptake. 
For example, in the polymorphonuclear leukocyte of the guinea pig, rabbit 
or swine, phagocytosis is accompanied by the increased utilization of glyco- 
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gen or of exogenous glucose and by increased lactate production. .Inter- 
ference with glycolysis (for example, by iodoacetate or fluoride) inhibits 
particle uptake [5—7]. Inhibition of oxidative metabolism has no effect on 
phagocytosis. On the other hand, the alveolar macrophage depends largely 
on aerobic metabolism for the ingestion of solid objects. If one blocks electron 
transmission or uncouples oxidative phosphorylation, one observes inhibition 
of phagocytosis [8]. From these two examples it becomes clear that in 
different phagocytes the ingestion of solid objects does not have a uniform 
metabolic energy-providing basis—the mode of provision of energy is char- 
acteristic for a given type of cell. It appears, however, that the pattern 
for similar cells obtained from different species is the same [4]. 

In an interesting recent article, Whittam [9] has commented that, 
in calculating the energy associated with a transport process, one must focus 
not on the total metabolism during the transport phenomenon but only 
on that part of the metabolic activity that is affected by the transport 
process and may be regarded as germane to transport. Phagocytosis is per- 
haps unique in its simplicity as a model in this regard. The physiological 
activity can be initiated at will simply by adding particles to the system 
under the proper conditions. The extent of the metabolic perturbation can 
be determined by observing the cells at rest, i.e. in the absence of phago- 
cytizable objects, and during activity, i.e. in the presence of phagocytizable 
objects. Finally, the extent of particle uptake can be directly if rather 
inexactly determined by microscopic means. Even in such a simple system, 
however, there are pitfalls, and one must make sure that the metabolic 
perturbation that one observes is indeed energy-yielding and not merely a 
concomitant or sequel of the phagocytic process. For example, in the case 
of the polymorphonuclear leukocyte it was observed many years ago by 
Baldridge and Gerard [10] and confirmed many times by others [4], 
that phagocytosis is accompanied in polymorphonuclear leukocytes by a 
striking increase in respiration. The early workers not unnaturally regarded 
this respiratory stimulation as a metabolic stimulation associated with the 
provision of energy for the phagocytic act itself. Much subsequent work 
has demonstrated that, in fact, this great burst of respiration in the case 
of phagocytizing polymorphonuclear leukocytes is only incidental and that 
these cells draw the necessary energy from glycolysis [5, 11, 12]. It thus 
becomes necessary to add to the stricture mentioned by Whittam [9] 
the reservation that the change of metabolism that is observed to be associated 
with a transport process should be demonstrated as energy-yielding. 

Despite the situation mentioned above for polymorphonuclear leuko- 
cytes, they provide an ideal opportunity to correlate metabolism and the 
phagocytic activity of the cell. Because glycolysis alone is involved in pro- 
viding the energy, the experiments may be performed anaerobically and 
calculations made in terms of the energy yielded by lactate production. 
When the objects phagocytized by these cells were polystyrene spheres of 
standard size, approximately 1 micron in diameter, it was found that about 
1 X 10-45 moles of ATP were required per polystyrene sphere ingested. This 
corresponds tc approximately 1 X 10® molecules of ATP per particle weigh- 
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ing about 1 picogram [4]. Such calculations are certainly intriguing, but one 
is hesitant to regard them as being more than that. On the other hand, when 
similar experiments were performed with the alveolar macrophage of guinea 
pigs, which phagocytize optimally only under aerobic conditions and in 
which no significant increase in lactate production is found, but only an 
increase in respiration [8], a value for the same particles was obtained of 
5 X 10-16 moles of ATP per particle ingested. In this calculation a P : O ratio 
of 3 was used to estimate the yield of ATP. When one considers the crudity 
of quantification of particle uptake and the other assumptions that have 
had to be made, then the similar results for the two different types of 
cells—one dependent upon glycolysis and the other dependent on aerobic 
metabolism for energy provision—tempt one to believe that the figures may 
have some reality. 

An interesting facet of studies on phagocytic transport is the fact that 
observations have been made under conditions in vivo. For example, when 
perfused liver was studied in situ with respect to the uptake of particles, 
it was found that inhibition of glycolysis or electron transmission blocked 
phagocytosis by the Kupffer cells [13]. 

There are several stages in the process of phagocytosis, and questions 
arise concerning the energy demand for each of these. First, there is the 
attachment of the object to the cell; second the movement of the cell mem- 
brane, the formation of pseudopodia and invagination; third, the actual 
budding off of a vesicle; fourth the passage of this vesicle containing the 
engulfed particles through the cytoplasm, and finally, in the case of this 
type of phagocytic cell, the fusion of the vesicle with the granules thai 
contain acid hydrolases [14]. The overall energy demand reflects the require- 
ments of all these processes, of which perhaps the first-mentioned may be 
ignored. One looks with interest at the possibility that information might 
soon become available on pinocytosis that would help delineate some of the 
problems that have been posed above with respect to phagocytosis. Pino- 
cytosis is not quite as easily switched on in a large population of cells as 
is the phagocytic phenomenon. Indeed the technical problems involved in 
establishing the changes in energy-yielding metabolism during the pino- 
cytic process are formidable. Information in this area has been provided by 
Dr. Chapman-Andresen in a paper reported in this Symposium. 
It was noted in the amoeba that interference with aerobic respiration or 
lowering the temperature decreased channel formation. The presence of 
metabolic inhibitors was demonstrated to depress channel formation. An 
important aspect of this work is its emphasis on the reversibility of inhibition. 
It would, therefore, appear that pinocytosis like phagocytosis is dependent 
on metabolic energy. In the case of phagocytosis, the proportion of energy 
required for the phenomenon itself is quite small compared with the overall 
energy metabolism of the cell, even when phagocytosis is proceeding maxi- 
mally and as many as 20 particles are being taken up by each cell [5, 8]. 
It becomes clear that in the case of pinocytosis the perturbations in energy 
metabolism when channel and vesicle formation are instigated, will be 
minute compared with background metabolism. Further, in order to obtain 
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a measurement of energy expended, some measure of pinocytotic activity 
itself will have to be invoked. It will be important to compute the energy 
expended in the movement into the cell by pinocytosis of some solute that 
is not adsorbable to the cell surface. Where an adsorbable substance is 
used, the situation becomes rather more complicated, and the extent of 
pinocytosis that is determined will reflect the internalization of the plasma 
membrane rather than simply the process of “cell drinking”. It will, of 
course, be necessary to have figures for both adsorbed and unadsorbed sub- 
stances, since Holter and his colleagues have already stressed the possible 
importance of the acquisition by cells of substances during pinocytosis, where 
such substances are brought in attached to the external membrane of the 
cell [15]. 


Energy Involved in the Transport of Solutes 


In his paper in this Symposium, Dr. Ussing mentioned the case of 
the reabsorption of glucose in the kidney, a point not too dissimilar from 
that made a little way back, i.e. that the energy involved in the transport 
of a substance is sometimes not significant enough to be easily discernible 
against the background energy metabolism of the entire system. Dr. Ussing 
reviewed several of the now classic papers in which the measurement of 
metabolic energy requirement of a transport function has been determined. 
Among the most widely cited measurements of metabolic energy utilization 
during the transport of sodium are those of Zerahn [16] and of Leaf 
and Renshaw [17]. These experiments are of extreme importance because 
they demonstrate that a transport of cations coupled to the electron transport 
system (“redox pump’) [18] as had been previously proposed is not a reason- 
able possibility, but that the movement of the cation is probably driven by 
a more conventional energetic system involving metabolically derived ATP. 
Using frog skin, these workers obtained a value of about 18—20 sodium ions 
transported per molecule of oxygen consumed [16, 17, 19]. In these experi- 
ments a most significant point was the fact that a stimulated rate of 
sodium transport was found to be concomitant with a stimulation 
in oxygen uptake. The increase in sodium transport could be instigated 
by addition of piiressin, oxytocin or vasopressin [17]. Although, as Leaf 
and Renshaw have remarked, comparison of the two increments, i.e. of 
sodium transport and of oxygen uptake, introduced greater errors than are 
present in a simple comparison of total sodium transport and total oxygen 
consumption, the former ratio probably comes nearer to the truth in think- 
ing about the energetics of transport, by eliminating a “background” that 
represents the overall functioning of the tissue [cf. 9]. If one assumes a 
P :O ratio of 3, then it would appear that each mole of ATP was sufficient 
to provide the energy for the transport of three sodium ions. A further 
noteworthy feature of the work of Leaf and Renshaw [20] was the 
fact that under anaerobic conditions ion transport did occur, militating 
against the “redox pump” mechanism, and indicating that some part of 
the energy yielded by glycolysis could maintain the active transport phe- 
nomenon. The hormones mentioned above did not stimulate ion transport 
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anaerobically. Consequently, the opportunity was not provided to make 
direct comparison of the energy relationships for stimulated sodium trans- 
port under aerobic and anaerobic condition, i.e. the number of ions of sodium 
transported per mole of ATP. This objective was partially realized in a 
subsequent series of experiments by Leaf, Page and Anderson [24] 
in which the isolated toad bladder was used. Here it was demonstrated that 
under aerobic conditions the rate of oxygen consumption of the tissues was 
dependent upon the presence of sodium and under anaerobic conditions the 
rate of lactate production was dependent upon the presence of that ion. 
Approximately 16.5 sodium ions were transported per mole of oxygen con- 
sumed, i.e. assuming a P :O ratio of 3, each mole of ATP formed could power 
the transport of 2.8 mole equivalents of sodium ion. Under anaerobic con- 
ditions 1.7 sodium ions were transported per mole of lactate produced. If, 
as it was estimated from lactate production and glycogen depletion in the 
presence and absence of sodium, only 20% of the anaerobic glycolysis was 
involved in active sodium transport, the latter figure could be revised to 
approximately 8.5 sodium ions per mole of lactate. Since no exogenous 
glucose was present in the medium, it may be assumed that lactate was pro- 
duced from glycogen and consequently that each mole of lactate formed 
yielded two moles of ATP. Under these circumstances each mole of ATP 
would appear to be capable of energizing the transport of about four sodium 
ions. One would of course not believe that the values for aerobic and 
anaerobic condition are really different, since the assumptions in these 
calculations are so broad. 

The experiments with the toad bladder indicate that the necessity for 
active transport of sodium causes the tissue to step up its metabolic yield 
of energy. They thus exemplify a slightly different angle of approach to 
the initiation of physiological changes from that discussed above for the 
frog skin. When this tissue was exposed to neurohypophyseal hormones, 
sodium transport and metabolism were stimulated under both aerobic and 
anaerobic conditions, unlike the situation with frog skin. However, in the 
absence of sodium the hormones had no effect on the energy metabolism of 
the tissue. These tissues exhibit a notable Pasteur effect [21], and the effect 
of the hormone on sodium transport under anaerobic conditions could not 
be related in direct terms to the increased energy metabolism, because of 
the very high background values for lactate [22]. 

The studies described above employed the short-circuit current method 
for the determination of sodium transported. Dr. Ussing commented on 
this in the Symposium and compared the potential difference in frog skin 
measured directly in the absence of an opposing current with a value 
calculated from the increased oxygen consumption during sodium transport 
under conditions of measurement of the latter variable by the short-circuit 
current method. The calculated value is lower than that determined directly, 
and this leads to some questions concerning the energy source and the nature 
of the pump itself. In general, judging from the experiments mentioned and 
those with some other systems, as for example the kidney [23], the erythro- 
cyte membrane (24, 25] and nervous tissue (Keynes, this Symposium) 
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about 3 sodiums are reported to be actually transported per molecule of 
ATP. 

The examples cited in this section concerning the provision of metabolic 
energy for the transport phenomenon have been restricted to the transport 
of sodium. Indeed, there are other examples in the literature which might 
well have been quoted, but for the purpose of this short essay those used 
seemed appropriate because of the universality of the phenomenon of active 
sodium transport, the intensity of the attention to this particular facet of 
the field of transport, and the fact that adequate comparisons can be made 
between the results of different workers. 


Transport by Subcellular Preparations 


An extremely important development in studies of the energy-requiring 
transport of solutes through biological membranes is the recent work on 
the uptake of calcium, magnesium and other ions by isolated mitochondria. 
The use of such systems clearly presents several advantages, paramount 
among whidh is the fact that the transport is being studied in the energy- 
yielding machinery itself, and the siphoning off of energy for purposes other 
than transport is minimized in the experiments. The establishment of ener- 
getic balances is facilitated, and the stoichiometry can be brought into clear 
focus. Dr. Rossi presented a paper on this topic in this Symposium, 
and Lehninger has provided an admirable review of this area of in- 
vestigation in his book on the mitochondrion |26|. In recent years, the work 
of Vasington and Murphy [27] was seminal in showing that there 
was a great increase in the calcium content of kidney mitochondria during 
respiration in vitro. Lehninger and his associates and Green and 
his school have extended these observations in an elegant fashion. 

Much evidence has been available to show that respiring mitochondria 
could maintain their ionic composition [26]. The most striking and inter- 
esting observations were, however, those concerning the accumulation of 
calcium and magnesium. In the case of calcium, dinitrophenol and other 
uncoupling agents could prevent calcium uptake, but oligomycin could 
not [27]. An important fact is that calcium ion uptake is active when there 
is no net formation of ATP. It was thought that an early, dinitrophenol- 
sensitive intermediate in oxidative phosphorylation was responsible for the 
uptake of calcium ion. Later, studies of the sioichiomeiry made it clear that 
in the presence of various substrates that yield different amounts of high 
energy phosphate per mole of substrate utilized [e.g. S-hydroxy butyrate 
(3 ATP), succinate (2 ATP) and ascorbate (1 ATP)], the uptake of phosphate 
concomitant with respiration was theoretical, but the uptake of calcium was 
about 1.7 moles per pair of electrons per phosphorylation site traversed in 
the respiratory chain [28]. The suggestion has been made that the divalent 
ions follow passively the active accumulation of phosphate. One of the 
most interesting aspects of the question of ion balances in mitochondria is 
the relation of metal cation uptake and hydrogen ion release [29]. The com- 
plexity of the relationships and mechanisms may be gauged from a succinct 
section on these matters in a review of Sanadi [30]. 
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The thought has been expressed that the mitochondrial accumulation of 
ions represents a mechanism for the “fine control” of intracellular ionic 
concentration. While this awaits more explicit demonstration it is quite 
clear that studies of transport at the level of subcellular organelles are of 
critical importance in refining our concepts of control of the intracellular 
ionic milieu. 


Transduction of Metabolic Energy 


Now that it is established that metabolic energy in the form of the usual 
currency of metabolic enengy, i.e. ATP, is required for transport phenomena 
that are energy-requiring, one naturally asks questions concerning the modes 
by which ATP is harnessed in the movement of the substance under study. 
Such questions are certainly provocative and two examples of approaches 
to the question will be given here. 

It has been noted that during transport processes certain complex lipids 
exhibit an increased rate of metabolism. The leading exponents of a theory 
that increased metabolism of phosphatidic acid and inositol] phosphatide, 
play a part in the transport of sodium are Hokin and Hokin (31, 32] 
who, in a long series of publications, have built a case for the participation 
of phosphatidic acid, especially, in this regard. In their first hypothesis the 
Hokins believed that phosphatidic acid itself could act as the carrier 
for sodium, and that the sequence of events could be as follows: Phosphatidic 
acid could pick up sodium and transport it across the membrane by virtue 
of its lipid character and known capacity to form sodium salts. On the other 
side of the membrane the phosphatidate could be hydrolyzed by a specific 
enzyme (phosphatidic acid phosphatase) to yield inorganic phosphate and 
diglyceride [33]. The latter could move back across the membrane where 
a kinase and ATP could convert it once more to phosphatidic acid. Such 
a sequence of events would essentially constitute an ATPase reaction. This 
form of the hypothesis has had to be abandoned, primarily because of 
inadequate capacity as a sodium transporting system. With this mechanism 
the upper limit would be 12 sodiums transported per molecule of oxygen 
consumed, or two sodiums per ATP [31]. Even this suggested maximum of 
2 sodiums per mole of phosphatidic acid could not pertain in view of the 
known titration characteristics of this substance |4, 34]. In order to circum- 
vent these difficulties the Hokins have propounded a scheme in terms 
of which the transformation of phosphatidic acid might cause conformational 
changes in a protein carrier, thus expanding the capacity of the system [31]. 
In a more recent communication the interrelationship between phosphatidic 
acid and phosphatidyl inositol has been stressed [32]. It has been shown that 
when the tissue, in this case the avian salt gland, was stimulated with acety!- 
choline, there was an increase in the incorporation of inorganic phosphate 
into phosphatidic acid. If atropine was then added, this lipid fraction showed 
a marked decline in activity, and there was at the same time an increase 
in activity of the phosphatidyl inositol. The magnitudes of the decline in 
the one case and the rise in the other, were equivalent. There was also an 
increased incorporation of inositol into inositol phosphatide after atropine 
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administration, but only when the tissue had previously been exposed to 
acetylcholine [32]. These observations led to a slightly different cycle from 
that previously postulated for phosphatidic acid, and one that does not 
involve the enzyme phosphatidic acid phosphatase. Here the phosphatidic 
acid, with cytidine triphosphate would form cytidine diphosphate diglyceride 
which in the presence of inositol and the proper enzyme would form phos- 
phatidy] inositol [35]. The latter substance would be hydrolyzed back to 
diglyceride and inositol monophosphate. There would thus be an overall 
utilization of ATP [32]. It should be stressed that at this stage no correlation 
has been made between the ATP consumed and the sodium transported, and 
the lipid mentioned constitutes only a small part of the total phosphatidic 
acid and inositol phosphatide of the tissue. 

Apart from the question of involvement of specific phosphatides in sodium 
transport, it has been established that several other transport processes, 
sometimes of a gross nature, (e.g. phagocytosis and various stimulated secre- 
tions) also involve a stimulation of metabolism of some of the complex phos- 
phatides [4, 36]. Some workers have interpreted this to indicate common 
features in transport phenomena, others have felt that the divergence in 
systems and in the nature of the physiological functions involved detract 
from the idea that complex lipids such as phosphatidic acid play a specific 
role in transport processes. In phagocytosis the stimulation of incorporation 
of inorganic *2P into phosphatides with a net negative charge is clear-cut 
[4], but no calculations have been made to relate the energy involved in this 
process to the overall energy requirement for particle uptake. This would 
be interesting, since the involvement of the lipids has been suggested to reflect 
breaking and reestablishment of membrane links [4]. Unfortunately, no 
information on the role of complex lipids in pinocytosis is yet available, 
and accumulation of such data is likely to be technically very difficult. 

Another plausible mechanism through which the ATP produced by metab- 
olism might be employed in the transport of sodium is the sodium- and 
potassium-activated ATPase enzyme system described by Skou [37]. This 
system has a site with greater affinity for sodium than potassium and 
probably another site with a greater affinity for potassium than for sodium. 
The system is found in a subcellular fragment that is thought to represent 
cell membranes and, in a more specialized context, exists in red cell ghosts. 
In the latter preparation Sen and Post have, as mentioned above, 
observed a transport of sodium of about the expected order, i.e. close to 
3 sodiums per ATP [24]. The characteristics of this important system have 
recently been reviewed by Skou [38], and it is clear that intensive study 
of the system is likely to reveal more detail of the actual linking of ATP 
utilization to the mode of conveyance of sodium and potassium. It is tempting 
to consider whether the type of system propounded by the Hokins might 
indeed be a part of the inner machinery, so to speak, of the ATPase system 
of Skou. The latter author [38], Hokin and Hokin [39],and Glynn 
et al. [40] have indicated that this is probably not so; phosphatidic acid turn- 
over does not appear to be germane to the workings of the sodium and 
potassium activated ATPase. Further, the Hokins have provided evidence 
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that the phosphorylation of protein-bound serine, emphasized by Heald 
[41] and by Judah and his associates [42] as a step in sodium transport 
is probably not involved [39] in the ouabain-sensitive ATPase activity of 
Skou. 


Conclusion 


It has been possible to present in this short review a rather circumscribed 
picture of the field concerning the utilization of energy for the transport 
of substances. I have specifically considered metabolic energy and to a large 
degree have emphasized “bulk transport” and sodium transport. One im- 
portant part of the field, the transport of non-electrolytes, has been omitted 
in this essay. “Uphill” transport of sugars, for example, is well known 
to require metabolic energy and certainly merits discussion in an article of 
this kind. Some idea of matters unwillingly or unwittingly slighted by this 
author can be derived from any one of numerous excellent recent reviews, 
e.g. that of the Hokins [43]. The choices of topic that have been made stem 
from the specific interests of the author, and the major emphasis of the 
literature. The viewpoint of this essay also stems in marked degree from 
the atmosphere, discussion and general sense of exploration of the Frascati 
meeting. The important objective has been to emphasize the nature of 
information already achieved, and to point up a few of the matters that 
should yield to probing in the next few years — especially the matter of the 
detailed mechanisms of ATP involvement in transport processes. 
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The evidence showing that the pores of the nuclear membrane have a 
high degree of organization has already been presented and discussed in 
this Symposium by Prof. A.C laude. In the present paper, only the work 
done on whole, living cells (and not on isolated nuclei) will be examined. 

Work from my laboratory has shown, already in 1955, that ribonuclease 
can penetrate inside the nuclei of living cells and inhibit protein synthesis 
in their nucleoli. Other basic proteins, such as histones, can also accumulate 
in the nuclei after micro-injection in amphibian eggs. 

More extensive experiments by Feldherr (1962—1965) have shown 
that molecules of molecular weight 40,000 or more (including proteins) do 
not penetrate freely (in 3-10 min.) into the nucleus when they have been 
micro-injected in the cytoplasm. However, larger molecules such as ferritin 
(M. W. 550,000) and even colloidal gold particles of 125-145 A diameter can 
penetrate and accumulate in the nuclei after a few hours. It is probable that 
a pinocytosis mechanism is responsible for the uptake of these large molecules 
or particles by the nuclear membrane. 

More important is the normal movement of macromolecules between 
the nucleus and the cytoplasm, which is involved in the transfer of genetic 
information from chromosomal DNA to cytoplasmic ribosomes. Pulse experi- 
ments on living cells, anucleation and localized U.V. irradiation experiments, 
and nuclear transfer experiments all show that precursors of the ribosomal 
RN A’s are synthesized in the nucleus (probably in the nucleolar organizer 
regions) and transfered to the cytoplasm. Messenger RNA’s are probably 
synthesized in other parts of the chromosomes and likewise transported to the 
cytoplasm, where they associate with the ribosomes in order to form poly- 
ribosomes. The origin of the transfer-RNA’s is still discussed: part of the 
molecule must be formed on a chromosomal template, but it is possible that 
the rest of the molecule is completed in the cytoplasm by methylating and 
adding enzymes. 

Nuclear transfer experiments by Byers et al. have demonstrated the 
existence of “migrating” proteins (the “cytonucleoproteins”): they are 
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in constant migration between the nucleus and the cytoplasm but are always 
much more concentrated in the nucleus. The latter also contains non- 
migrating proteins. 

The nuclear origin of cytoplasmic DNA (eggs, mitochondria, chloro- 
plasts) cannot yet be ruled out. In amphibian eggs, for instance, the nuclear 
sap contains DNA (Izawa et al.), which could diffuse from the nucleus to 
the cytoplasm. Unpublished observations show that, when the nuclear mem- 
brane of the ripe ovocyte begins to break down, considerable extrusion of 
nuclear DNA occurs iin the cytoplasm. In the reverse way, we have recently 
observed that tritium labeled foreign DNA (prepared from E. coli) is incorpo- 
rated into the nuclei and the chromosomes within a few hours after micro- 
injection in amphibian eggs. Whether foreign DNA must be broken down 
prior to its incorporation into the nuclei remains to be seen. 

Finally, it should be pointed out that transfer of macromolecules (RNA, 
in particular) from the nucleus to the cytoplasm is an energy-dependent pro- 
cess, which is blocked by anaerobiosis and inhibitors of cellular oxidations. 
Since the main sites for energy production are in the cytoplam, it is very 
likely that the latter exerts some kind of control on the transfer of macro- 
molecules from the nucleus to the cytoplasm. 
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Phagocytosis in leukocytes has been shown to be accompanied by the 
stimulation of a number of metabolic functions. The process is dependent 
for the energy required on some of these changes, while others are simply 
concomitants of particle ingestion [1, 2, 3, 4). There are reports in the 
literature to the effect that various substances, such as endotoxin for example, 
cause metabolic changes in leukocytes that are similar to those seen during 
phagocytosis [5, 6]. The present study has extended these observations and 
has attempted to utilize the agents that stimulate the cells as a possible 
“probe” of the cell membrane and as a means for exploring the events that 
occur when phagocytosis is initiated, ie., the “trigger” events. These studies 
have involved several cell types (polymorphonuclear leukocytes and mono- 
cytes from the peritoneal cavities of guinea pigs and rabbits, guinea pig 
alveolar macrophages and mouse peritoneal macrophages). They have been 
pursued by following metabolic changes and by making observations with 
the electron microscope. The guinea pig neutrophilic granulocytes and mono- 
cytes, on which the largest amount of metabolic data are already available 
for the phagocytic event, have been subjected to the closest examination with 
respect to the action of agents at concentrations around 25 wg./ml. 

The findings may be summarized as follows: 

1. Endotoxin from E. coli or S. enteridis and steroid substances such as 
digitonin or deoxycholate cause metabolic stimulations in several cell types 
(of oxygen uptake, glucose utilization, lactate production, etc.) that are 
closely comparable to those measured during phagocytosis. Particular atten- 
tion was paid to the polymorphonuclear leukocyte, in which the hexose 
monophosphate shunt was dramatically stimulated [7]. 

2. Neutral agents (Tween, Triton, Cutscum, etc.) were inactive, and nega- 
tively charged agents, including fatty acid soaps, had very low activity on 
cell metabolism. Positively charged detergents were inactive or depressant. 

3. The action of those agents that stimulated metabolism was blocked 
by the same inhibitors that prevented phagocytosis and its associated metabo- 
lic changes [2]. 
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4. Those agents that stimulated the cells caused an increased incerpora- 
tion of inorganic **P into the complex phosphatides. Particular attention 
was paid to these changes because complex phosphatides may be important 
as membrane components. The pattern of change in the various individual 
phosphatide species was very similar to that seen during phagocytosis. Those 
components bearing a net negative charge under physiological conditions 
were the ones most affected [8]. 

5. There were degrees of specificity among these agents (e.g. among the 
bile-acid series), and a number of constant differences between the responses 
of various cell-types to different agents, e.g. digitonin, endotoxin and deoxy- 
cholate greatly stimulated the labeling of serine phosphatides in polymorpho- 
nuclear leukocytes; only the two former substances behaved in this way 
with monocytes, whereas the last mentioned caused a definite depression. 

6. The presence of the agents that stimulated metabolism caused an 
apparent increase in uptake of inulin !4C (and therefore external water) into 
the cells. This was of the same order as that seen in phagocytosis (i.e. an 
increase from 2.5% to 5% expressed as total cell water [9]. 

7. Electron microscopic studies showed that digitonin caused the for- 
mation of fine finger-like projections of the cell membrane. These were about 
500—800 A in diameter and were several microns long. These structures were 
found both attached to and separated from the cells, and retained a char- 
acteristic shape and size. They were surrounded by a three layered mem- 
brane resembling the unit membrane of the cell proper in diameter and 
appearance. It is not known whether they were removed from the cells 
during incubation or during subsequent centrifugation and fixation. Deoxy- 
cholate treatment of cells resulted in a possible increase in membrane activity 
and possibly in an increase in vesicle formation. 

8. The presence of a metabolic inhibitor such as iodoacetate, which blocks 
phagocytosis, tends to damp membrane activity and its stimulation by surfac- 
tants. The characteristicmetabolic changes due to these agents were eliminated. 

All these observations should be interpreted with the greatest caution, 
but it is hoped that this type of approach, which varies the agents and celis 
used, and simultaneously follows the metabolic patterns and morphological 
changes, might yield data to illuminate the linkage between membrane 
activity and metabolism. The similarities and differences between such func- 
tions as phagocytosis and pinocytosis might also be brought into focus. 
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The ability of isolated mitochondria to accumulate very large amounts 
of Ca++ by an active transport mechanism was discovered by Vasington 
and Murphy in 1961 [i]. The accumulation process was found to be 
blocked by respiratory inhibitors and by uncouplers of oxidative phos- 
phorylation, and thus was completely dependent on electron transport and 
the energy coupling mechanism of oxidative phosphorylation. Significantly, 
oligomycin does not inhibit Ca++ uptake under these conditions. Later it 
was found that during the accumulation of Ca++, inorganic phosphate dis- 
appears from the medium and also accumulates in mitochondria in amounts 
that are stoichiometrically related to the Ca++; the molar ratio with which 
Ca++ and phosphate are accumulated is almost exactly that of Ca++ hydroxy- 
apatite. The amounts of Ca++ and phosphate that accumulate may exceed 
200 times the normal mitochondrial content; such accumulation is called 
“massive loading”. The accumulation of Ca++ and phosphate can also be 
driven by ATP hydrolysis, and in this case it is not sensitive to respiratory 
inhibitors, but is inhibited by uncouplers of oxidative phosphorylation and 
by oligomycin. Ca++ uptake is evidently associated with the dinitrophenol- 
sensitive formation of the first high energy intermediate formed during 
electron transport, before the point of action of oligomycin. 

Perhaps the most fundamental result of the experiments on massive 
loading has been the finding of Rossi and Lehninger [2] of an exact 
relationship between the number of Ca++ ions accumulated and the number 
of electrons flowing through the respiratory chain (Fig. 1). Normally, in the 
presence of phosphate and ADP, and in the absence of Cat+, one molecule 
of ATP is formed at each of the three energy coupling sites of the respiratory 
chain. When excess Ca++ is added to the system, oxidative phosphorylation 
is replaced by a process of ion accumulation whereby 1.67 molecules of Ca++ 
and 1 molecule of phosphate are accumulated at each of the three energy 
conserving sites of the respiratory chain. Therefore, oxidative phosphoryla- 
tion and oxidative accumulation of Ca++ are alternative processes, and they 
are both stcichiometrically related to electron transport. 
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During Ca++ and phosphate accumulation, ATP and ADP also accumu- 
late [3]. ATP is required in the medium for the uptake of Ca++ even when 
electron transport supports the process. The uptake of ATP and ADP is 
parallel to the uptake of Catt, has the same cofactor requirements, and is 
inhibited by the same inhibitors. Uptake of ATP or ADP must take place 
before Ca++ can be taken up, whenever inorganic phosphate is present in 
the medium. Examination of rat liver mitochondria in the electron micro- 
scope after massive accumulation of Ca++ and phosphate shows the occur- 
rence of large electron dense granules [4], which consist of deposits of Cat+ 
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Fig. 1. Oxidative phosphorylation and oxidative accumulation of Ca++. 


and phosphate (Fig. 2). They occur inside the matrix and never between the 
inner and outer membrane, a clear demonstration of an actual transport 
of Ca++ across mitochondrial membranes, Examination of the granules in 
sections of liver mitochondria by electron diffraction, or of dried, massively 
loaded mitochondria by x-ray diffraction, shows that the granules are essen- 
tially amorphous. 

After massive loading, mitochondria are irreversibly damaged. They 
become swollen and lose the ability to carry out oxidative phosphorylation. 
For this reason, the mechanism of Ca++ accumulation has recently been 
studied in conditions in which only very small amounts of Ca++ are accumu- 
lated (about 5-10% of that accumulated in massive loading). Under these 
conditions, called “limited loading”, mitochondria undergo no damage to 
oxidative phosphorylation. When a small amount of Ca++ is added to a 
“resting” mitochondria! suspension containing only respiratory substrate and 
buffer, it causes a “jump” in the rate of respiration. After a short time, the 
respiration returns to the resting rate (Chance [5|). Simultaneous with 
the Oz jump, quantitative uptake of Ca++ occurs, and there is a direct 
relationship between the amount of extra Oo uptake evoked, the number 
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of energy conserving sites traversed by the electrons from the substrate, and 
the amount of Ca++ added and accumulated (Rossi and Lehninger [6]). 
About 1.8—2.0 molecules of Ca++ are taken up per atom of oxygen per energy 





Fig. 2. Isolated rat liver mitochondria fixed after the active accumulation of Ca++ 
and phosphate. Extremely dense granules of variable sizes can be seen in mitochon- 
dria. Fixed with OsO, and stained with lead. 40,000, 


conserving site. It is important to note that the Ca++ jump does not require 
ATP or phosphate, in contrast to experiments with massive loading. 
Addition of Ca++ also causes ejection of protons from mitochondria, one 
H+ being ejected for each Ca++ taken up [1—9]. Since 2 positive charges move 
in with Ca++, and only one moves out with H+, the question arises whether 
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other ion movements occur in order to preserve the internal electroneutrality 
of mitochondria. However, the Na+ and K+ content of mitochondria before 
and after a Ca*++-induced Oz jump is essentially the same [8]. Recent experi- 
ments by Rasmussen, Chance and Ogata [?| and also our own, 
indicate that other anions, such as acetate, can enter mitochondria along with 
Cat+; chloride ion, however, does not enter. 

When the Ca*+-induced Oz jump is studied in the presence of inorganic 
phosphate in concentrations exceeding 1 mM, it is found that respiration 
continuous indefinitely at an activated rate, without returning to a resting 
rate, and less than 10% of the added Ca*+ is taken up. This prolonging effect 
of inorganic phosphate on the Ca*+-induced respiration is abolished by 
ATP + Mgt+, which also promote the quantitative accumulation of Ca++ 
and phosphate. ATP + Mg++ block the discharge of Ca++ which is probably 
due to the swelling induced by inorganic phosphate. The inhibitor atrac- 
tyloside, which prevents the specific binding or uptake of ATP and ADP by 
mitochondria, blocks the effects of ATP, a fact suggesting that ATP is required 
for forming or retaining the deposits of Ca++ phosphate inside the mito- 
chondria [6]. 

Once Ca++ ions have been accumulated during a respiratory jump and the 
respiration returns to a resting level, there is little further change in the 
amount of Ca++ remaining in the medium, which usually amounts to 1-2% 
of the added Cat+. The Cat*+ present in mitochondria is not irreversibly 
sequestered; rather, it undergoes continuous exchange with the external 
pool. We have found that the entrance of Ca++ during this steady state 
is coupled to the resting respiration, and it is counterbalanced by a continuous 
passive efflux of Ca*+ from mitochondria. Isolated mitochondria can keep 
the external Ca++ concentration constant at about 1 io 2 X 10-*M. They 
may therefore be looked upon as reversible Ca*+-buffering or Ca*++-seques- 
tering structures. 

Ca++ is not the only divalent ion that can be accumulated by mito- 
chondria. Sr++ and Mn++ are also accumulated under approximately the 
same conditions. They cause a jump in Oz uptake and ejection of protons 
from the mitochondria. Mg++ accumulation can occur in certain mitochondria 
under some circumstances. 

A last aspect which must briefly considered is that of the relationship 
between the movements of Ca++ and those of Na+ and K+. Recent work by 
Chappell and Crofts |9] and by Pressman [10] has shown that 
freshly prepared mitochondria are impermeable to K+ and Nat. However, 
addition of the antibiotic valinomycin to freshly prepared mitochondria 
apparently “opens” mitochondria to K+. Monitoring of the K+ movements 
with a K+-sensitive electrode shows that addition of valinomycin causes an 
immediate burst of respiration and an accumulation of K+; as K+ is taken 
up, H+ is ejected into the medium. It is therefore clear that the valinomycin- 
induced K+ jump has the same general properties as the divalent metal ion 
jump. Rasmussen has suggested that the parathyroid hormone also 
has such activity and can act as a physiological agent promoting operation 
of the K+ jump. 
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We have recently found that there are some direct relationships between 
the uptake of K+ and that of Ca++. The active uptake of Ca++ is facilitated 
by the presence of monovalent ions such as K+. Secondly, we have found 
that retention of Ca++ by mitochondria is profoundly influenced by K+ and 
Nat. A K+-rich medium favors discharge of Ca++ whereas a Nat-rich medium 
favors retention. Third, we have found that mitochondrial swelling induced 
by Ca++ is maximal when K* ions are present in the medium, suggesting that 
Ca++ may be a physiological agent allowing K+ to pass across mitochondrial 
membranes. 
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Lysosomes and Phagosomes 
The Vacuolar Apparatus 
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Belgium 


Lysosomes were first described as cell particles or granules. | am now 
inclined to call them vacuoles, even when they appear as compact bodies, 
in order to emphasize the essentially extracellular character of their contents. 
Together with the phagosomes, they form what is conveniently referred to 
as the vacuolar apparatus |1], an intracellular digestive system com- 
parable, except for its discontinuity, to the digestive tract of higher organ- 
isms. Each vacuole is to some extent equivalent to a certain segment of this 
digestive tract. 

Much of the older literature dealing with phagocytosis, vital staining, 
athrocytosis and other storage or segregation functions is actually concerned 
with given facets of the vacuolar apparatus. The more recent discovery of 
lysosomes has provided new tools for the study of this system as well as 
a deeper understanding of its biological significance and universality. The 
following account summarizes in a highly schematic fashion the main con- 
clusions arrived at in a recent review based on the analysis of more than 
300 publications [2]. 


I. Components of the Vacuolar Apparatus 


The vacuolar apparatus is made up of three groups of vacuoles or par- 
ticles: 

1. the phagosomes, containing material destined to be digested, but no 
digestive enzymes; 

2. the primary lysosomes, containing newly formed digestive enzymes, 
all of them acid hydrolases according to our present knowledge, that have 
not yet participated in a digestive event; 

3. the secondary lysosomes, containing hydrolases that have already 
been involved in digestion, often in association with mater:al in the process 
of being digested or with residues of previous digestive events. 

The material segregated or processed within these vacuoles may be of 
exogenous or endogenous origin, leading to a further subdivision of phago- 
somes and secondary lysosomes into heterophagic and autophagic com- 








96 





C. de Duve 
ponents. However, this distinction is to some extent a formal one, since the 
two lines are rapidly converging and material of either origin may be digested 
simultaneously or successively by the same enzymes. The name cy to- 
lysome or autophagic vacuole is used to designate members of 
the autophagic line containing morphologically recognizable cytoplasmic 
components. Vacuoles containing undigestible remnants are often described 
as residual bodies; these usually show evidence of enzyme activity 
and therefore qualify as secondary lysosomes. 


II. Dynamics of the Vacuolar Apparatus 


It is clear from the events which take place within the vacuolar apparatus 
that individual members of the system are able to exchange matter with each 
other, with the exterior of the cell and with the cytoplasm. Recent work 
has thrown a great deal of light on the mechanism of these exchanges. 

1. Exchanges between the vacuolar apparatus and the exterior of the 
cell, Exogenous components enter the vacuolar apparatus mainly by end o0- 
cy tosis, ie. by some form of membrane vesiculation; this process leads 
to the formation of a phagosome. 

Transfer of matter in the other direction takes place largely by reverse 
endocytosis or ex oc ytosis. Depending on whether the emptying vacuole 
is a phagosome, a primary lysosome or a residual body, the phenomenon may 
be described as regurgitation, secretion or defecation. Wlien 
a secondary lysosome sheds its contents in this manner, the exocytic process 
involved represents a composite of regurgitation, secretion and defecation, to 
the extent that undigested exogenous material, acid hydrolases and digestive 
residues are discharged. 

2. Exchanges between individual members of the vacuolar apparatus. 
Fusion of two vacuoles by membrane coalescence and fission of larger 
vacuoles into smaller ones are the two processes whereby the contents of 
the individual components of the vacuolar system are continuously mixed 
and redistributed. In particular, the acid hydrolases are brought into contact 
with their engulfed exogenous substrates by merging of the phagosomes with 
either primary or secondary lysosomes. 

3. Exchanges betrmeen the vacuolar apparatus and the cytoplasm. The 
vacuolar apparatus receives its active agents, ithe lysosomal acid hydrolases, 
from the biosynthetic activity of the cytoplasm. Cytochemical investigations 
by Novikoff and others, and especially the recent work of Cohn and 
coworkers [3] suggest that the enzymes first appear within ergastoplasmic 
cisternae, presumably as a product of the activity of the attached ribosomes; 
smooth-surfaced extensions of the ergastoplasm then seem to convey the 
enzymes to the Golgi apparatus, which in turn gives rise to primary lyso- 
somes. These, therefore, appear to be made in the same way as zymogen 
granules and other packages of protein destined for export. 

The cytoplasm also contributes substrates for the digestive activity of the 
lysosomal enzymes, mainly by cellular autophagy, a process of bulk segrega- 
tion the mechanism of which is not yet clearly understood. Most authors view 
it as the envelopment of a piece of cytoplasm by preexisting cytomembranes, 
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followed by fusion processes leading to the formation of a continuous mem- 
brane around the segregated area. 
Passage from the vacuolar system into the cytoplasm also takes place, 
presumably by mechanisms which do not aormally depend on rupture or 
dissolution of the membrane, but involve diffusion or some kind of facilitated 
or active transport across the membrane. The products of digestion are 
“absorbed” in this manner and made available to the metabolic systems of 
the cell. Similarly, one has to consider the possibility that certain molecules 
present in the cytoplasm may be “excreted” across the membrane into the 
vacuolar apparatus. In short, the vacuole membrane may have functional 
properties in common with the cell membrane to which it is obviously related. 


III. Physiological and Pathological Significance of the Vacuolar 
Apparatus 

The processes outlined above do not all take place at the same time or 
in the same manner in all cells; rather does each cell type, by virtue of its 
morphological and functional organization, select some of them and order 
them both in space and in time according to more or less well defined 
sequences. Depending on the nature of the dominant mechanisms, we may 
find the vacuolar apparatus engaged mainly in bulk transport from one end 
of the cell to another; or in the removal and breakdown of exogenous objects 
and molecules, for purposes of nutrition, defense or scavenging; or in the 
extracellular secretion of hydrolases, for digestive or invasive purposes; 
or again in the autophagic destruction of intracellular constituents, as a 
recourse against starvation or other metabolic stresses, or in association with 
phenomena of cellular differentiation and metamorphosis, or simply as a 
means of ensuring the disposal of worn out cell parts to be replaced by bio- 
synthesis. Several of these activities may take place simultaneously or 
consecutively within the same cell. In higher organisms, they are further 
specialized in relation to the particular role played by each iype of cell in 
the economy of the organism. Phagosomes and lysosomes accomplish very 
different functions in leucocytes, kidney tubule cells, osteoclasts or thyroid 
cells; but the mechanisms involved represent in all cases some kind of 
specialized variation on the same main themes. 

As already suspected by the early pathologists, the vacuolar apparatus 
plays a prominent part in innumerable cellular disorders. Whenever some 
incompatibility exists between the available enzymic activities and the 
quantity or quality of the material taken in or segregated, the system becomes 
engorged as well as fragile, threatening the cell with compressive or lytic 
injuries. If the material taken in is infective or toxic, failure of the enzymes 
to accomplish their lytic function has even more serious consequences. Con- 
versely, the lysosomal enzymes may also play an active role in cellular or 
tissular damage, by releasing toxic compounds from non-toxic precursor®, 
by attacking extracellular constituents when discharged in excess outside 
the cell, or by injuring the cells themselves through excessive autophagy or 
as a result of intracellular rupture of the lysosomal membrane. We are 
beginning to gain a clearer understanding of these complex phenomena and 
Protoplasma, LXIII/1—3 7 
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may reasonably hope, from some of the advances that have already been 
made, that this knowledge will eventually be translated into useful thera- 
peutic applications. 


IV. Membrane Phenomena 


The exchanges required by the operation of the vacuolar apparatus 
depend mainly on phenomena of coalescence between two contiguous mem- 
branes. In endocytosis, as in the division of an intracellular vacuole, two 
protoplasmic buds approach each other until contact is established between 
the outer surfaces of their membranes; coalescence then leads to a reorgani- 
zation of the system with the formation of a cytoplasmic bridge. The reverse 
phenomenon, also involving membrane coalescence, but from the cytoplasmic 
side, takes place in exocytosis, in the process of vacuole fusion, and presum- 
ably also in the formation of autophagic vacuoles. 

These fusion processes probably require two conditions: 1. appropriate 
mechanical and energy-dependent factors to bring the two membrane seg- 
ments in close apposition to each other; 2. some kind of chemical kinship 
between the two partners allowing their merger and reorganization. The 
latter consideration, together with a few experimental data, is our main 
reason for believing that all the members of the vacuolar apparatus are 
surrounded by membranes of a similar nature, closely related to the plasma 
membrane or to such areas of the plasma membrane as are involved in 
endocytosis and exocytosis. This is also why it is not inconceivable that 
the membrane of lysosomes may share with the cell membrane some of its 
transport mechanisms. 

This view is at present largely hypothetical and simply represents a 
working hypothesis for future investigation. If it turns out to be correct, 
numerous questions will still remain to be answered. 
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The Nature of Thermodynamic Coupling in Transport 
Processes 


By 


Fred M. Snell 


Department of Biophysics, State University of New York at Buffalo, 
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In considering problems of transport in biological systems, the definitive 
role of the numerous membranes as evidenced by electron microscopy 
(Robertson 1960, Palade 1964) is yet to be elucidated. These membranes 
appear to delineate not only the limits of the individual cells, but indeed many 
of the subcellular structures as well. In an extremely complex fashion, mem- 
branes are involved in forming the cytoplasmic structure per se and are a 
prominent feature of the internal structure of subcellular elements. Attention 
in the past has been directed largely to those transport processes which are 
envisaged to occur transmembranally, that is across those barriers whose 
thickness is about 100 A. However, attention should also be directed to the 
possibility that such membranes may play a major role in defining and 
directing cytoplasmic fluid flow processes within the cell. Cytoplasmic 
circulation, known to occur in living cells, may well represent more than 
the random mixing and stirring of the cytoplasmic contenis. It may be con- 
siderably more fundamental in relation to the detailed functioning of the 
cell. For instance, it is difficult to imagine how m-RNA, synthesized in the 
nucleus, could in its random-coiled state and moving by simple random dif- 
fusion, avoid becoming hopelessly entangled in the nuclear and cytoplasmic 
substructure. However, with actual fluid flow, a configurational alignment 
parallel to the lines of streaming is highly probable and, thus, transport 
could proceed efficiently from the presumed site of synthesis out through 
the pores of the nuclear membrane and to the sites of transcription on the 
endoplasmic reticulum. One may also readily envisage how cytoplasmic 
flow or micro-circulatory processes could play an important role in those 
cells engaged in the transport of materials from one bounding surface to 
another, such as renal tubular cells and those of the intestinal mucosa. In 
fact, as will be indicated below, the flow process could conceivably be inti- 
mately related to and involved in the work of concentration associated with 
active transport. 

The phenomenon of mass fluid flow is inseparably associated with the 
transport of dissolved solutes due to frictional coupling. The general relations 
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describing this are straight forward and will be only summarily stated here. 
However, attention will be particularly directed to the symmetry properties 
of the transport coefficients, a point of intrinsic interest in irreversible 
thermodynamics. Furthermore, it will be demonstrated that even in a quasi- 
ideal system in which solute-solute interaction is assumed negligible, solute- 
solute coupling exists and the coefficients retain symmetry properties. 
Finally, it will be pointed out that from model considerations, the appro- 
priate combination of transmembranal transport processes with those asso- 
ciated with mass fluid flow in channels or spaces defined by membranes 
gives rise to a variety of effects with possible important biological impli- 
cations. 

One writes for any microscopic region sufficiently large to allow proper 
definition of all thermodynamic quantities, a summation of forces acting 
on each component, namely, 


—grad wy + Dybyoo(;—m%) =0 (6=1,2,....) (1) 


The first term is the gradient of the total thermodynamic potential of sub- 
stance i and includes, therefore, pressure, thermal, activity, and elecirical 
gradients that may exist together with any other body forces derivable from 
a potential. The second term describes the summation of frictional forces 
imparted to i from all other species j due to differences in theme an molecular 


velocities (0,—p). The &;;s are the mean molecular frictional coeffi- 
cients and c; iis the local concentration of species j. Setting the sum of all 
forces acting on any species equal to zero is a statement of mechanical 
equilibrium and represents an assumption which neglecis the contribution 
of changes in fluid momentum to the total force. 

From reasoning based upon the positive definite form of the dissipation 
function, Rayleigh (1873) first demonstrated reciprocal relations among 
the coefficients, by which is meant &;;—&,,, for all ij, ic., the [€] mairix 
is symmetric. Onsager gave validity to these reciprocal relations based 
both upon the principle of microscopic reversibility (1931) and statistical 
fluctuation theory (1953). Spiegler (1958) has derived the relations on 
the basis of mechanical considerations. More recently Snel] (1965) has 
shown that such relations follow on the basis of macroscopic thermodynamic 
reasoning alone. 

Although the fact ihat §;; —&,,; reduces the number of coefficients involved 
in an n+] components system from n? to n (n + 1)/2, this still represents 
a large number in the sense that biological systems are certainly rather 
multicomponent. Further simplification is desirable and may be readily 
achieved by assuming that —,,—0 for all i and j unless i or j represents 
the solvent. In essence this assumption states that all solute-solute inter- 
actions and solute-membrane interactions vanish, or in other words we 
assume a kind of quasi-ideal behaviour. We designate the solvent with 


a subscript s, the membrane component with an m. Taking Dn =0 (the 


membrane serves as our reference point) and the flux J as ¢; Dp one may 
now rearrange equation (1) to give in an expanded matrix notation, 
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In this equation it is to be noted that the coefficient matrix is likewise 
symmetrical and that each constituent remains frictionally coupled. To 
explicitly illustrate this point, one may write as an example. 





re C1 ~ cy” Cy ~ C1 C2 ~ 

jt 5 Esm Cm — (- EsmCm + Eis -) — Cs Eom Cm is Sag (3) 
Here it is seen that the flux of species 1 is dependent not only on the gradient 
of its own total potential but also on the gradient of the potential 
of all other species. Thus, the existence of coupling among species trans- 
ported in biological systems involving cytoplasmic flow appears inescapable. 
The mechanism, clearly one of frictional interaction between particles, per- 
sists in spite of our assumption, valid for dilute solution, that direct solute- 
solute interaction is negligible. The mechanism is one of frictional coupling 
mediated through the solvent. Such coupling may provide a basis for the 
interpretation of numerous phenomena observed experimentally (see, for 
example. Crane, Miller, and Bihler 1961; Crane 1966; Smyth 1966). 

Numerous mechanisms can be envisaged accounting for cytoplasmic fluid 
flow. Perhaps one of the simplest is that based on osmotic considerations 
arising in essence from local solute concentration differences manifest across 
presumed semipermeable cytoplasmic membranes. The concentration dif- 
ferences could well be brought about in a variety of ways such as solute 
hydrolysis or active ion transport possibly associated with the Na+— K+ 
dependent ATPase of Skou (1957) and of Sen and Post (1964). The 
partitioning membrane, hypothesized as being permeable to water and 
possibly certain solutes but not to others in this region, provides a region 
of osmotic flow. This flow is reflected along the cytoplasmic channels by 
virtue of the pressure gradients so established. 

The details of mathematical development will appear elsewhere (Sne1| 
and Spangler 1966), but suffice it to say that the behaviour of such a 
system, represented by combinations of channels and functioning membranes, 
may be made reminiscent of a variety of observable phenomena. To cite a 
few examples is appropriate. The existence of two transmembrana] active 
transport systems located adjacent to a channel can give rise to mutual 
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activation, and furthermore can be inhibited by non-penetrating solutes. 
The existence of a single active transport system in this configuration can 
give rise to active accumulation cytoplamically or transcellularly of other 
constituents. If the channels bear fixed charges, streaming potentials are 
generated which could be the source of a transmembrane potential. Such 
electrical potentials are well known to be associated with the transcellular 
transport of Nat in a variety of tissues (Snell and N oe11 1964, Cho wd- 
hury and Snell 1965). 

In concluding these remarks, let it be understood that to detail specific 
models beyond the structural and functional evidence supporting them is 
not to imply that they actually exist or that such mechanisms are real. The 
purpose is to gain understanding, further one’s intuition, and suggest experi- 
mental approachés. All will ultimately aid in our quest for complete knowl- 
edge and understanding of the living cell. 
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The first phase of pinocytosis in amoebae consists of the binding of the 
inducing solute to the mucous coat (Schumaker 1958; Brandt 1958); 
this binding, which is rather independent of temperature, is due to the pres- 
ence of acid mucopolysaccharides in the coat and hence is dependent on the 
charge of the inducing solute. The second phase, the active process of channel 
formation, is a temperature dependent function (de Terra and Rustad 
1959; Chapman-Andresen 1962). Data presented by Schumaker 
(1958) and by de Terra and Rustad (1959) indicated that, for pino- 
cytosis of proteins, the latter process is dependent on aerobic respiration. 

It has been shown (Chapman-Andresen 192) that small changes 
in the pH or ionic strength of an inducing medium may alter the pinocytic 
response of amoebae to certain solutes, especially proteins; hence it was 
considered of interest to carry out a detailed and quantitative study of the 
influence of a range of metabolic inhibitors on pinocytosis in protein, as 
well as in other inducing media, in order to determine whether metabolic 
inhibitors influence pinocytosis in a manner significantly different from thai 
observed with non-toxic inorganic salts. 

The following inhibitors were used: potassium cyanide, sodium fluoride, 
sodium azide, iodoacetic acid, 2,4-dinitrophenol and antimycin A. Each 
compound was tested at a previously determined, non-toxic level for its 
effect on channel formation in each of three different inducing sclutions, the 
composition and characteristics of which are given in Table 1. The tests were 
carried out by immersing one group of amoebae in 1) inducing solution con- 
taining inhibitor and another group of amoebae from the same batch, and 
on the same day, in 2) inducing solution of the same concentration and pH 
as 1), but without inhibitor. The mean number of channels observed during 
20 minutes in 10 amoebae was then determined (Chapman-Andresen 
1962) for each group. The results of these experiments are given in Table 2, 
where the effect observed is expressed by the ratio: 


mean channel number in inducer + inhibitor 





mean channel number in inducer alone a 








104 Cicily Chapman-Andresen 


The results confirmed the earlier reports of Schumaker (1958) and 
of de Terra and Rustad (1959) with regard to the inhibitory influence 
of potassium cyanide on protein-induced pinocytosis. However, the con- 
centration of 2,4-dinitrophenol used by Schumaker (1958) (0.4mM) 
proved toxic to the strain of amoebae used in the present experiments; 
slight inhibition was found at a lower concentration (0.02 mM), but even 
this level lay close to the limit of toxicity. All the other compounds tested 
gave some inhibition in all the three inducing solutions, the effect being least 
for pinocytosis in Alcian blue solutions. For sodium fluoride, sodium azide 
and iodoacetic acid the effect was greatest during pinocytosis in acid protein 
solutions; these results are in agreement with the hypothesis of Beevers 


Table 1. Inducing Solutions. 
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and Simon (1949) regarding the penetration of weak acids, as is the 
observation that potassium cyanide does not inhibit protein pinocytosis more 
than salt pinocytosis. 

Previous observations on the influence of the addition of non-toxic salts 
to the three inducing solutions studied (Chapman-Andresen 1962) 
had shown that addition of inorganic salts to acid protein solutions resulted 
in a reduction of channel number as the ionic strength of the solution in- 
creased in the range 0.02 to 0.3. When similar amounts of inorganic salts 
are added to sodium chloride inducing solution, the channel number increases; 
the effect is simply additive. Pinocytosis in Alcian blue is not affected by 
addition of salt until the ionic strength approaches 0.3. The concentrations 
at which the metabolic inhibitors studied (see Table 2) are effective in 
reducing channel number lies beyond the limit at which the non-toxic in- 
organic salts influence pinocytosis; hence it can be deduced that the inhibitory 
effects of the compounds studied are not due to an unspecific inorganic ion 
effect but to the influence of the inhibitors on the respiration or metabolism 
of the cells. 

Experiments, using as inducer fluorescent albumin solutions, to which 
different concentrations of sodium chloride or sodium fluoride were added, 
showed that the addition of 125mM sodium chloride prevented channel 
formation by blocking surface binding. When 10mM sodium dhloride or 





Table 2. Effect of Inhibitors on Pinocytosis. 
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sodium fluoride was added, surface binding was observed; at this eoncentra- 
tion of sodium chloride, the mean channel number observed was‘similar to 
that of the control (fluorescent albumin solution without added salt), but 
in sodium fluoride the channel number was significantly reduced, indicating 
that the inhibition observed in sodium fluoride is due to an effect on the 
active process of channel formation and not to blocking of surface binding. 






























































mean channel number in inducer alone 


1 Pretreatment for 20 minutes with inhibitor alone. 
2 Toxic, 50% of amoebae died during counting period. 
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Effects of Some Substances on Release of Acid Hydrolases 
of Rat Liver 


By 
Liana Bolis and G. Petti 
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Department of Biology, Istituto Superiore di Sanita, Rome, Italy 


With 3 Figures 


Cholesterol is known to be an important constituent of biological mem- 
branes and is believed, on several grounds, to act as stabilizer of the phospho- 
lipid layers in membranes. It has recently been shown [1] that cholesterol 
is able to prevent the release in vitro of acid hydrolases from lysosomes of 
rat liver, previously incubated at pH5 and 37°. Furthermore it acts as 
a stabilizer in the red blood cell membrane imparting a greater resistence 
to haemolysis. In this connection, it seemed to us of some interest to investi- 
gate the action of other cell membrane constituents on the behavior of 
permeability of lysosomes in vitro. 


Experimental Procedures 


By homogenization of liver from rats and successive ultracentrifugation 
of the homogenates, a subcellular fraction rich in lysosomes was obtained 
corresponding substantially to M + L fraction, described by Ap pelmans 
and de Duve [2]. This was suspended in 0.25 M sucrose. The compounds 
tested were added directly to the fraction. One part of the particle suspension 
was mixed with one hundredth its volume of concentrated solution of the test 
compounds dissolved in sucrose or dioxane. The release of acid phosphatase 
was investigated at different times during the preliminary incubation of the 
fraction at pH5 at 37°C. These conditions are osmotically satisfactory ones 
to correspond to possible in vivo situations. Fig. 1 shows the curve of release 
of acid phosphatase in a control preparation incubated under the conditions 
described. 

To evaluate the action (positive or negative) on lysosomal membrane 
permeability, we chose to follow the degree of release of acid phosphatase 
at 60 minutes of preliminary incubation (Fig.2). According to de Duve’'s 
data |2], cholesterol (125 ug/ml in final pre-incubation mixture) previously 
dissolved in dioxane prevents the release of acid phosphatase from lysosomes 
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when dioxane alone (at final concentration of 1%) allowed the release of 
some hydrolases. 

Lecithin also is an important constituent of cell membranes and it seemed 
of some interest to test its effects on lysosomal membrane permeability. Our 
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Fig. 1. Acid Phosphatase of M+E fraction % of total activity (mean of five 
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Fig. 2. Acid Phosphatase Activity, after preincubation during 60’ at 37° and pH 5, 
in purified fraction M+L, added with different agents (% of free activity of 
control), 


experiments show that lecithin (125 ug/ml.) promotes the release of acid 
phosphatase even when dissolved in 0.25 M sucrose or in dioxane. In these 
experiments we tested two different lecithins from natural sources. Similar 
facilitative effects on permeability have been reported to be exercised by 
lecithin on red blood cell membranes. Impurities, like lysolecythins often 
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are present in lecithin preparations. Since natural cell membrane constituents 
are being tested this problem would not, however, affect our results since 
one would expect to find the same contaminants in natural products. 

It is interesting to recall that Gellhorn [3] reported that the resistance 
of red blood cells to haemolysis is directly proportional to their content of 
relatively hydrophobic substances (such as cholesterol) and inversely pro- 
portional to more hydrophilic substances (such as lecithin). The behavior 
of lysosomes seems very similar to that of the red blood cell in these respects. 
However, red cell membranes are stable in physiological saline or in other 
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Fig. 3. Time of preincubation (mean of three experiments). (% of free activity of 
control.) 


isosmotic ionic solutions whereas lysosomes are not. A body fluid in which 
lecithin and cholesterol are present at the same time is represented by blood 
serum and it has been ascertained that normal blood serum protects red blood 
cells from haemolysis. 

Accordingly, we tested the effects of normal sera from different species, 
human, bovine and equine, on the permeability of lysosome membranes. 
Equine sera is conspicuously rich in lecithin. Our results show an evident 
protective action by normal blood sera from all species tested on the release 
of acid phosphatase (Fig.2). It seems probable that the protection provided 
by normal blood sera depends on the content of cholesterol; however, it can- 
not be excluded that serum proteins, especially globulins, may play a role 
in this connection. 

A phosphatido-peptide fraction, PHPF (125 ug/ml in the pre-incubation 
mixture), containing cholesterol and lecithin and isolated from liver cell 
membranes as described by Tria and Barnabei [4], was also tested 
for its effects on the release of acid phosphatase from lysosomes (Fig.3). The 
results obtained show an increased release of acid phosphatase in the presence 
of the phosphatido-peptide fraction. 
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Thus, under in vitro condition, the addition of different cellular mem- 
brane constituents, such as cholesterol, lecithin and phosphatido-peptide 
fraction, or the addition of normal sera show different effects on permeability. 
It is hoped that future work will provide the data necessary for an under- 
standing of the interrelationship between function and structural constituents 
of the membrane. 
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Distribution and Turnover of the Phosphatides in the 
Intracellular Membranes and in the Myelin Sheaths 
of the Rat Brain 


By 


P. Mandel and J. L. Nussbaum 


Centre de Neurochimie du C.N.R.S. and Institute of Biochemistry, 
Faculty of Medicine, University of Strasbourg, France 


Having established the phosphatide distribution in the myelin sheaths 
(Nussbaum, Bieth and Mande! 1963), we have more recently studied 
the constitution of myelin sheaths and intracellular membranes with improved 
methods (Nussbaum and Mandel 1965). 

With these new procedures, the absence of any measurable amount of 
phosphatidic acid in the intracellular membranes has been shown. Cardio- 
lipid was found in high levels in the mitochondria, 8.5 p. 100 of the total 
phosphatides! agaivsi 4 p.100 in the myelin sheaths and in the membranes 
of the endoplasmic reticulum. 

Sphingomyelin is found in relatively high levels in all membranes. 
Although this level is slightly lower in mitochondria (7.05 p. 100) and micro- 
somes (6.45 p. 100) compared to 8.3 p.100 in the myelin sheaths, more than 
1/; of the rat brain sphingomyelin is located in the former two particulate 
fractions. The main difference between the myelin sheaths and other mem- 
branes is the relatively high level acetalphosphatides in the former. The 
amount of inositides is smaller in the myelin sheaths (2.9 p. 100) than in the 
mitochondria and microsomes (4.4 p. 100). Similar differences in distribution 
have been observed for the lecithins (27.3 p. 100 in the myelin sheaths against 
43 p.100 in the other intracellular membranes). However, the situation is 
reversed in the case of the phosphatidyl and phosphatidal serine and col- 
amine, the levels of which are higher in the myelin sheaths (50.3 p. 100) than 
in the mitochondria (27 p. 100) and microsomes (38 p. 100). 

The study of the phosphatidopeptide fraction extracted according to 
LeBaron and Folch (1956) showed 26 different phosphopeptides in 
addition to some non-phosphorylated peptides. The phosphopeptides were 
obtained after successive electrophoresis and after paper and column 
chromatography on Dowex 1 (Ledig, Feigenbaum und Mandel 


* All the values for the content of phosphatides are expressed in phosphatidic P 
and in per cent of the total phosphatidic P. 
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1963). The P/N ratio for the phosphopeptides varies from 4.0 to 19.8: Hydro- 
lysis in presence of 2 N HCI during 6 hours at 100°C. releases a single phos- 
phorylated amino acid: phosphoserin. Neither the action of alkaline (or acid 
phosphatase or snake venom enzyme) nor incubation in the presence of 
phosphoprotein phosphatase releases PO« from the phosphopeptide. This 
would favor the existence of polyphosphoserin chains. 

The myelin sheaths have been shown to be by far the richest in phospho- 
peptides obtained from the phosphatidopeptides (Ledig and Mandel] 
1965). The analytical results favor Le Baron's hypothesis (1965) that an 
electrostatic bond exists between the phosphopeptides on one hand and the 
phosphoinositides on the other hand, at least in the peptidic fraction of the 
phosphatidopeptides. Furthermore it seems that the phosphopeptides are 
bound by bivalent cations to the membranous proteins. 

The kinetic study of P82 incorporation in adult rat brain has shown a half 
life of about 11 days for the inositides, 17 days for the phosphatidyl ethanol- 
amine, 28 days for the acetalphosphatides and 40 days for the sphingomyelin. 
The last figure must represent an average between a fraction with an ex- 
tremely long half life and another with a fast turnover (F re ysz, Bieth 
and Mandel 1965). 

A rather high P32 incorporation was observed, in vitro and in vivo, with 
brain slices and with isolated cells, in the phosphopeptide fraction of the 
phosphatidopeptides (Ledig and Mandel 1964). 

The inositide biosynthesis is highest and fastest in the mitochondria. As 
for the cardiolipid its biosynthesis seem to be higher in the myelin sheaths 
than in other subcellular fractions. The biosynthesis of the phosphotidy] 
choline is faster than that of phosphatidyl] serine in all the membrane struc- 
tures of the brain. The acetal derivatives of serine and ethanolamine, as well 
as the phosphatide ethers incorporate P*? at the same rate, but faster than 
the phosphatidal choline. The sphingomyelin shows a very slow turnover 
in the mitochondria and microsomes and an even slower one in the myelin 
sheaths (Mandel and Nussbaum 1966). 

These results seem not to favor the hypothesis of continuity for the various 
intracellular membranes, except if a two step mechanism for their formation 
is postulated: a first one, during which the primitive continuous membranes 
are formed, and a second one, during which they undergo the transformations 
leading to the observed metabolic and structural differences. 
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Other contributors to this Symposium on Biophysics and Physiology of 
Biological Transport have dealt with the physicochemical espects of mem- 
brane transport, what the membranes of cells and their organelles look like, 
how they behave physiologically, and the biochemical interpretation of the 
transport of sodium and potassium across such siructures. Background 
reviews of certain of these topics are readily available in the writings of 
Anderson and Ussing on active transport (1960), concepts of carrier 
transport and their pharmacological corollaries by Wilbrandt and 
Rosenberg (1961), the morphological and molecular aspects (Brown 
and Danielli 1954, Sjéstrand 1963), and the relation of structure 
and enzymatic activity to active transport (Lehninger 1959, Sk ou 1963, 
and Wheeler and Whittam 1962). 

Since Schanker has recently reviewed the passage of drugs across 
body membranes (1962), this communication will relate more particularly to 
the interactions of drug transport by the kidney as they relate to sodium 
and potassium transport. From the literature and the experiments cited, 
it is evident that in the kidney there are several ways in which Na*/K+ trans- 
port can be influenced without violating the functional integrity of the 
nephron and that the characteristics of transport of inhibitors determine 
profoundly their apparent activity, site and mode of action, and the final 
expression of urine volume and composition. 

Koefoed- Johnson and Ussing (1958) have proposed that sodium 
transport by frog skin is dependent on potassium exchange at the inner 
surface of the membrane and that cardiac aglycones inhibit Na transport as 
measured by short-circuit potential changes, which they interpret as due to 
inhibition of a Na+/K+ exchange. Giebisch (1960) and Solomon (1957) 
concluded that the movement of Na across the renal tubule against an electro- 
potential gradient indicated that its reabsorption was an active process. This 
impression was reinforced by the micropuncture studies of Windhager 
and Giebisch (1961) and Windhager et al. (1959). In the experi- 
ments by Gie bisch, a mercurial diuretic reduced this potential across the 
proximal tubule (1958). When injected directly into the renal artery, ouabain 
or strophanthidin decreases the reabsorption of sodium, chloride and water 
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(Farber et al. 1951, Tanabe et al. 1961), diminishes the excretion of 
hydrogen ions and increases urinary pH (Orloff and Burg 1960, Cade 
et al. 1961). Thus, the renotropic effect of these compounds would appear 
to be consistent with their effect on the sodium “pump” of nerve, muscle and 
erythrocytes. There is evidence that this natriuretic effect of ouabain is 
exerted both at the proximal and the distal portions of the nephron (W ilde 
and Jay 1960, White and Rolf 1963), and it seems likely that such a 
sodium “pump” mechanism is situated on the interstitial side of the cell 
membrane throughout the nephron. 

Skou (1963) has reviewed the evidence that relates a Nat/K+/Mg*+- 
dependent membrane adenosine triphosphatase ‘ATP-ase) with the Nat/K+ 
pump of the cell membrane. This enzyme has been identified in many tissues 
and occurs in greatest concentrations in those which are secretory (Bonting 
et al. 1961). Ouabain inhibits this membrane ATP-ase specifically as does 
strophanthidin. Palmer and Nechay (1964) reported that the stimula- 
tion of chicken kidney microsomal Nat/K+-dependent ATP-ase by low con- 
centrations of ouabain as well as its inhibition by higher concentrations, was 
correlated directly with a reduction in sodium, potassium and water output 
when the drug was infused at low dosage into the renal portal system. They 
also found an increased output of water and electrolyte when the dosage was 
increased. However, ouabain inhibited both p-aminohippurate (PAH) and 
N’-methylnicotinamide (NMN) tubular secretion by the chiken (Nechay 
and Pardee 4965). Strophanthidin inhibited PAH accumulation by kidney 
slices (Burg and Orloff 1962). In both instances the authors attributed 
the results to the effect of ouabain or strophanthidin on the membrane 
ATP-ase. Whereas both the organomercurials and ethacrynic acid are less 
active inhibitors of the Na+/K+-dependent ATP-ase (the thiazides do not 
inhibit this enzyme) (D u g g anand N 0111965) and whereas both these com- 
pounds and the thiazides do inhibit PAH secretion competitively at substan- 
tially higher dosages than required for saluretic activity,none of these inhibits 
NMN secretion. The compound 2,4-dinitrophenol, which serves to uncouple 
oxidative from phosphorylative processes, inhibits both PAH (Beyer et al. 
1950) and NMN (Rennick and Farah 1956) secretion, but it does not 
inhibit sodium reabsorption even when administered into the renal artery 
(Mudgeand Taggart 1950). All this and other evidence make it appear 
that the functional integrity of the renal membrane ATP-ase may be impor- 
tant to much more than the role of the kidney in modulating electrolyte 
balance. To be sure, the sodium “pump” probably should be considered a 
critical component of sodium and potassium active transport in the kidney, 
but it is clear that one can inhibit sodium reabsorption without influencing 
this basic mechanism or other renal transport systems profoundly (Baer 
and Beyer 1966, Beyer and Baer 1961). 

The thiazides are a class of saluretic-diuretic agents that appear to in- 
fluence the exchange of intracellular hydrogen ions for sodium across the 
luminal border of the nephron. They are carbonic anhydrase inhibitors, and 
their activity (as represented by equiactive dosages) varies by a thousand- 
fold. Moreover, they are predominantly saiuretic, whereas acetazolamide 
Protoplasma, LXITI/1—3 8 














114 K. H. Beyer, Jr., and J. E. Baer 


primarily increases bicarbonate excretion (M ar e n 1952) rather than chloride 
as the anion that attends the increased output of sodium, potassium and 
water. These several considerations have been reviewed by us elsewhere 
(Beyer and Baer 1961). The following experiments illustrate how these 
attributes of degree and kind of effect relate to the accumulation and trans- 
port of these compounds and indicate where they exert their primary effect. 
The results of these experiments, summarized herein, will be presented in 
detail elsewhere (Be yer and Baer, in preparation). The compounds in- 


Table 1. Lack of effect of probenecid on the saluresis induced by very low levels of 
previously administered C'*-hydrochlorothiazide'. 





Hydrochlorothiazide up Eq. Excreted/min Glomerular 
Plaama Filtration 
Canp.s.|:.; Gepennre Na cl K Rate 
y/ml? Ratio ml/min 





Control phase: Isotonic mannitol phosphate, pH 7.4 buffer, venoclysis at 
3 ml/min 
58 14 40 51.8 


Hydrochlorothiazide: 0.01 mg/kg prime + 0.01 mg/kg/hr of C'-labeled drug 
added to the venoclysis. 


0.038 1.39 150 109 45 55.3 


Probenecid: 6.25 mg/kg prime + 7.5 mg/kg/hr added to above venoclysis 
containing hydrochlorothiazide. 


0.054 0.21 156 104 52 53.7 


1 All values average of duplicate clearance values. 
2? At a concentration of 1.0 x 10-°M, or 3 y/ml of hydrochlorothiazide, carbonic 
anhydrase activity in vitro at 0° C is inhibited 25%. 


clude chlorothiazide, hydrochlorothiazide, trichlormethiazide and cyclo- 
penthiazide, all of which are essentially similar in their saluretic spectrum 
but which differ by 10-fold in increasing order of activity. Dichlorphenamide 
has an order of carbonic anhydrase inhibitory activity similar to that of 
acetazolamide; but it is intermediate between chlorothiazide and acetazol- 
amide in that at modest natriuretic dosages it increases the excretion of both 
chloride and bicarbonate ions. Acetazolamide causes an almost, but not 
completely, exclusive increase in bicarbonate excretion as the anion. 

All of these compounds, including dichlorphenamide and acetazolamide, 
are accumulated in the proximal cells of the nephron in the course of their 
active transport from interstitium to lumen. In renal cortical slices this 
accumulation can be shown to be inhibited by probenecid, which inhibits 
neither their passive diffusion into the cell nor seemingly their egress from 
the slice. Probenecid inhibits the active secretion of all of these compounds 
by the proximal portion of the dog renal tubule. 
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It can be shown that these compounds accumulate in the proximal! cells of 
the nephron at the site of their inhibition of Na+/H+ exchange and perhaps 
elsewhere therein, as well. Thus, if hydrochlorothiazide is administered by 
venoclysis to the dog at a rate sufficient to sustain a plasma concentration 
less than that which is required to inhibit carbonic anhydrase by 25 per cent 
(in vitro), it can induce an increase in the excretion of sodium especially and 
of chloride, and the subsequent administration of probenecid does not in- 
fluence that saluretic effect (Table 1). It may be seen that the amount of 
probenecid did depress the tubular secretion (drug/creatinine clearance ratio) 
of the thiazide. However, as seen in Table 2, if the probenecid is administered 


Table 2. Inhibition of the saluretic effect induced by low levels of C'*-hydrochlorothiazide 
by the prior administration of probenecid’. 





Hydrochlorothiazide pEq. Excreted/min Glomerular 
Plasma Filtration 
Conc. Clearance Na Cl K Rate 
y/ml Ratio mal/min 





Control phase: Probenecid 15 mg/kg, p. 0.; isotonic mannitol phosphate, 
pH 7.4 buffer, venoclysis at 3 ml/min 


12 2 22 61.8 


Hydrochlorothiazide phase: 0.01 mg/kg prime + 0.01 mg/kg/hr of C™ 
labeled drug in the venoclysis. 


0.052 0.50 6 3 10 55.2 


1 All values are averages of successive clearance periods. 


prior to the thiazide so as to inhibit the accumulation of the latter drug in 
these cells, then the same hydrochlorothiazide regimen employed in Table 1 
does not evoke a natriuresis—presumptive evidence, at least, that the drug 
could not accumulate under these conditions to an effective natriuretic con- 
centration. However, if the venoclysis of the thiazide is increased so that the 
plasma concentration is equivalent to an in vitro carbonic anhydrase inhibi- 
tory amount, then the passive diffusion of the compound into the cell is 
adequate to evoke a natriuretic effect in spite of the prior administration 
of probenecid. 

Whereas all these compounds accumulate in the proximal cells of the 
nephron, this sustained accumulation is influenced impressively by their 
lipid solubility. Actually, the closest correlation of any known attribute of 
these compounds with their order of activity is the ether: water partition 
coefficient, as illustrated in Table 3. Thus, chlorothiazide and acetazolamide 
are least lipid soluble and cyclopenthiazide is more lipid soluble by three 
orders of magnitude. The experiments of Duggan (1966) indicate 
that the uptake of cyclopenthiazide by mitochondria and microsomes 
from rabbit tubules was greatest and that for hydrochlorothiazide was less 
than for trichlormethiazide. Moreover, in the presence of added dinitropheno]l 
8* 
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Table 3. The relative activity and lipid (ether) solubility of some 
carbonic anhydrase inhibitors. 
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the “run-off” or back diffusion of accumulated hydrochlorothiazide from these 
isolated tubule fragments was fairly rapid, whereas that for cyclopenthiazide 
was quite slow. These data, together with the renal clearance characteristics 
of these drugs (Beyer and Baer 1962), indicate that those compounds 
of this group that have the least lipid solubility have the highest net rate 


Table 4. Summaries of individual dog clearance experiments on cyclopenthiazide and 





Cyclopenthiazide or Acetazolamide Urine 
Plasma . ew Corrected 
Cone. o ge E. U aa Clearance pH ml/min 
y/ml atio ilterable Ratio 





Cyclopenthiazide! — 2.5 mg/kg prime, i.v. + 3 mg/kg/hr, i. v. 
Pretreatment with NH,Cl. Isotonic mannitol-phosphate, pH 7.4 buffer, 
venoclysis 3 ml/min. 


2.4 0.19 7.7 - 5.4 4.3 


NaHCO, added to venoclysis 
1.8 0.35 7.4 = 7.5 6.6 


Probenecid — 12,5 mg/kg prime, i.v. + 15 mg/kg added to NaHCO, venoclysis. 
2.8 0.08 7.2 1.18 8.0 11.0 





Acetazolamide? — 5 mg/kg prime, i.v. + 5 mg/kg/hr, i.v. + 10u¢ 
C"*.acetazolamide, i.v. prime + 1.8 uc/hr, i.v. in mannitol venoclysis 
at 3 ml/min. 


11.3 0.79 72.0 _ 8.0 3.3 


Probenecid — 12.5 mg/kg prime, i. v. + 15 mg/kg/hr, i.v. added to venoclysis. 
12.5 0.45 84.0 0.56 7.9 3.2 





1 This dose of cyclopenthiazide was employed for analytical reasons. It is about 1,000 
times the maximal natriuretic dose. ; 
2 This dose of unlabeled acetazolamide is substantially the maximal natriuretic dose. 


of transport, which would require the greatest amount (or dose) presented 
to the tubule per unit time to sustain the natriuretic activity. 

These characteristics of accumulation and secretion indicate that these 
compounds do inhibit the proximal tubule transport of sodium by blocking 
carbonic anhydrase-catalyzed Na+/H+ exchange. Clapp et al. (1963) have 
demonstrated recently by micropuncture techniques that acetazolamide in- 
hibits bicarbonate back diffusion from the lumen of the proximal portion 
of the rat nephron, by inhibition of carbonic anhydrase. 

If these several compounds inhibit the same carbonic anhydrase-catalyzed 
iransport system in the proximal tubules, they would be expected to cause 
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an increased amount of sodium, potassium, bicarbonate (and chloride) to be 
presented to the more distal portion of the nephron. Baer et al. (1962) 
reported that hydrochlorothiazide did not abolish the increasing concentra- 
tion gradient of electrolyte from cortex to medulla that is sustained by the 
counter-current system of the loop of Henle (Wirz et al. 1951), hence 
the compounds do not appear to influence directly the function of this 
portion of the nephron. 

The amount of the compound presented to the distal portion of the 
nephron and its back diffusion across its cells influence the final composition 
of the urine. Of these compounds, cyclopenthiazide, is bound on plasma 
protein to the extent of about 95 per cent, hence very little is ultrafiltered 
at the glomeruli. Thus, a low rate of secretion combines with little glomerular 
ultrafiltration to present very little drug to the distal cells for reabsorption. 
It is interpretec that this compound has little or no effect on Na+/H+ exchange 
in the distal tubule at ordinary natriuretic doses. This would account for the 
back diffusion of COz and sodium, leaving a chloruresis that is usually as 
great as the sum of the sodium and potassium excreted. In the dog, acetazol- 
amide is the least bound on plasma protein; hence it would be ultrafiltered 
from a higher plasma concentration to the greatest extent of these compounds. 
This factor, combined with a substantial rate of tubular secretion, would 
present the greatest amount of drug to the distal nephron for reabsorption. 
Moreover, its rate of back diffusion is the greatest of all these compounds 
and can at least approximate its rate of transport by the proximal cells. 
It would seem that at any effective natriuretic doses acetazolamide inhibits 
distal Na+/H+ carbonic anhydrase-catalyzed exchange to give rise to a 
reduced bicarbonate reabsorption, and an increased pH of the urine. These 
comparisons of cyclopenthiazide and acetazolamide clearance data are pre- 
sented in Table 4. Dichlorphenamide most closely resembles acetazolamide 
with respect to its marked back diffusion, but it is highly bound on plasma 
protein. It is easy to demonstrate that dosage-response curves for chloro- 
thiazide result in a progressive increase in bicarbonate excretion and urinary 
pH as its effect on the distal portion of the nephron becomes more evident 
(Beyer 1958). 

There is good evidence, as cited, that the same sodium/potassium pump 
concepts apply to the nephron as to other more active tissues. Moreover, 
the evidence that the Nat/K+/Mgt+-dependent membrane ATP-ase is an 
integral part of the system in the nephron is attractive, and it undoubtedly 
relates to the functional integrity of these cells. On the other hand, the action 
of the thiazides serves to illustrate that other systems are, likewise, adapted 
to facilitate active sodium transport in the kidney. Whereas acetazolamide 
is generally conceded to inhibit sodium reabsorption by depressing cellular 
carbonic anhydrase-catalyzed Na+/H+ exchange across the luminal border of 
the proximal and distal convoluted portions of the tubules, evidence has been 
presented herein that the characteristics of active and passive transport of 
the thiazides and acetazolamide by the nephron are sufficiently different 
quantitatively to reconcile apparent differences in activity and electrolyte 
output in terms of a common mode of action. 
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Summary 


Whether these and perhaps other systems for facilitating the reabsorption 
of almost all the sodium filtered at the glomeruli are complementary, or 
whether the Na+/K+-dependent ATP-ase Nat+/K+ pump represents a final 
common component of a complex of systems for maintenance of the electro- 
lyte transport and balance across these cells invites further inquiry. 
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In contrast to many compounds of physiological significance the penetra- 
tion of drugs through membranes is, in general, passive, by diffusion or 
filtration. Most drugs are weak organic acids or bases, which in the unionized 
state are lipid soluble, but are hydrophilic when dissociated. In the undis- 
sociated state they can penetrate lipid membranes but not when present 
as ions. Hydrophilic compounds penetrate membranes only when pores are 
present or, when transported actively by special mechanisms. The permea- 
tion of drugs depends, accordingly, on their lipid solubility, pK, and pH on 
the one hand and on the nature of the membrane on the other. When pH 
gradients exist across a lipid membrane, bases will concentrate on the more 
acid side and acids on the more alkaline side, i.e. in that space in which 
a larger proportion of the substance is dissociated and trapped as non- 
penetrating ion (Schanker 1962). This type of diffusion has been called 
“non-ionic diffusion” by Milne et al. (1958). 

The blood-brain and blood-cerebrospinal fluid (c.s.f.) barriers behave 
as pure lipid membranes. They are impermeable to non-lipid soluble drugs. 
A large number of compounds have been found to show a correlation between 
lipid solubility and rate of permeation from blood to c.s.f. (Review: Schan- 
ker 1962). 

Absorption from the gastro-intestinal tract also largely follows the pattern 
of non-ionic diffusion. As a consequence of the pH difference between gastric 
juice and blood, acids are easily absorbed from the stomach, but bases are 
not. The latter may even concentrate in gastric juice when injected into the 
blood (Travell 1960, Schanker 1962). However, the gastro-intestinal 
tract is not entirely impermeable io non-lipid soluble drugs. Besides non- 
ionic diffusion there exists in the intestinal wall another pathway, which 
allows the passage of ionized drugs (Levine and Pelikan 1964). This 
“hydrophilic way” has a much smaller transport capacity than non-ionic 
diffusion but is the predominant means for hydrophilic and highly dissociated 
drugs to be absorbed to a small degree. The absorption of these compounds 
is increased by the presence in intestinal lumen of acids, phosphatidopeptide 
(Levine and Pelikan 1964) or chelating agents (Schanker 1%62); 
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it is impaired by calcium. With a few exceptions it is a passive process, and 
it depends on the molecular size of the drug (Hi ber and Héber 1937). 
These findings suggest that the “hydrophilic way” is diffusion through pores. 
Furthermore, it seems to be related to water transport (Vogt 1965). In 
such a case filtration would take place in addition to diffusion. The effect 
of acids and chelating agents on absorption of hydrophilic drugs may perhaps 
be understood as secondary to an increase in permeability to water. 

In liver and glomeruli of the kidney diffusion through pores is the major 
pathway of penetration; but some non-ionic diffusion has been demonstrated 
in liver, too (Kurz 1961). In kidney tubules, non-ionic diffusion is well 
known. Even the penetration of drugs from the extracellular spaces of 
subcutaneous tissue into capillaries shows some dependence on lipids solu- 
bility as well as exhibiting characteristics of pore diffusion (Kurz and 
Trunk 1965). In general, the differences in permeability between various 
barriers separating body spaces seem to be quantitative rather than quali- 
tative ones. 

Active transport is significant in excretion of acidic drugs by kidney 
and liver (Sperber 1959) but has been observed only in a few cases of 
absorption of drugs from the intestine (Schanker 1962, Levine and 
Pelikan 1964). These exceptions refer to drugs that are chemically related 
to physiological substances: cardiac glycosides, derivatives of pyrimidine 
bases or amino acids (Reviews: Levine and Pelikan 1964,Schanker 
1962, Vogt 1965). 
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The amine concentration in the various amine-storing cells in the body may 
reach fairly high values. In the adrenal medulla, for example, the catechol- 
amine concentration may be higher than 1% of the fresh weight. Within these 
cells the major fraction of the amines occur in specific storage particles, “gran- 
ules” or “synaptic vesicles“, in which the concentration is several times higher. 
However, the last two years’ research has shown that storage in particles is 
not the only amine-concentrating mechanism. In adrenergic neurons, and 
possibly other amine-storing neurons, there is another mechanism probably 
located at the level of the cell membrane. 

Among the various amine-storing particles those of the adrenal medulla 
have so far been studied most extensively, particularly by the late 
Dr. Hillarp, with whom I had the privilege to work for several years, and 
by Dr. Blaschko in England. Hillarp andBlaschko independently 
discovered these particles 12 years ago. The corresponding particles of 
adrenergic neurons for example, have not been obtained in equally pure 
form, and they are not as easy to work with, but they seem to be funda- 
mentally similar to the adrenal medullary granules, though they are smaller. 
They have been studied particularly by von Euler and his colleagues. 
The granules consist of a membrane and the following main components 
inside the membrane: catecholamines, adenosine phosphates (mainly adeno- 
sine triphesphate, ATP) and an acid protein. In the densest granules of 
the adrenal medulla the molar ratio of catecholamines to ATP is 4:1 corre- 
sponding to equivalent proportions. When exposed to hypotonic solutions 
the granules undergo lysis, and the catecholamines, adenosine phosphates 
and soluble protein are promptly released in free form, even at 0°C. Thus, 
there can hardly be any covalent linkages between these components. Inside 
the membrane they must, however, for several reasons be assumed to occur 
in a bound form. Catecholamines, small ions, and sucrose easily permeate 
through the membrane. Exogenous catecholamines can then easily be washed 
out again. If the experiments are performed at 0°C., catecholamines can 
be taken up and washed out without mixing with endogenous catecholamines 
(at higher temperature a certain exchange takes place). 

Stimulation of the adrenal medulla via its secretory merves leads to a dis- 
appearance of a proportional amount of ATP along with the release of 
catecholamines. The granules remain in the cells. 
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Incubation of the granules at 30—38° C. with labelled catecholamines or 
5-HT and ATP-Mg*+ leads to incorporation of the amines into a complex 
within the granules. This incorporation is specifically blocked by reserpine 
(10-7 M). Initially this block is of the competitive type. Later it becomes 
irreversible in the sense that it cannot be overcome by high concentrations of 
amines. This block leads to depletion of the amine stores and to a blockade 
of adrenergic transmission. In vivo, partial recovery of the storage mecha- 
nism occurs at a fairly early stage. This recovery is functionally very im- 
portant: it coincides with the recovery of the adrenergic transmission mecha- 
nism at a stage when the amine stores are still practically empty. 

To summarize this work on the storage particles: the amines are stored 
in a complex, which is stable in the sense that little exchange with free amines 
occur at 0° C., although the membrane is permeable to them, but the complex 
is labile in the sense that it is immediately split when lysis occurs. The 
granules are not released by nerve stimulation. The storage complex is 
probably essential for making the amines available for the nerve impulse. 

Even after the particle-bound storage mechanism has been completely 
blocked ‘by reserpine, adrenergic nerves are still able to take up and con- 
centrate exogenous amines. However, this can be clearly demonstrated only 
if the influence of monoamine oxidase has been eliminated, either by inhibi- 
tion of the enzyme or by use of catecholamine analogues resistant to the 
enzyme. The reason for this is probably that the adrenergic nerves contain 
this enzyme and that the amines taken up are not protected from it when 
their incorporation into the storage particles has been blocked. In other 
words, the amines accumulating in the extragranular cytoplasm are probably 
either free or only loosely bound. This uptake mechanism has ‘een studied 
both histochemically, using the new fluorescence microscopical technique of 
Hillarp and coworkers, and biochemically. The distribution of the amine 
thus taken up differs from the normal one: it is not correlated with the pres- 
ence of synaptic vesicles, as is the normal distribution. This uptake mecha- 
nism operates in all parts of the neuron. It is very efficient—a more than 
1,000 fold conceniration can be reached. From the functional point of view 
it should be looked upon mainly as an inactivation mechanism. The mecha- 
nism is blocked efficiently by i.a. derivatives of the imipramine group (parti- 
cularly the N-monomethyl derivatives, e.g. desipramine). This leads to 
potentiation of the nerve response. The mechanism can also be studied histo- 
chemically in vitro, e.g. on brain cortex slices. Experiments are in progress 
io further clarify its nature. 

This concept of a dual amine-concentrating mechanism, first proposed 
two years ago, has contributed greatly to the elucidation of the physiology 
and pharmacology of amine-storing cells. These cells may prove interesting 
model systems for the study of biological transport mechanisms. 
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Previous studies on glucose uptake by chick embryo hearts [1, 2] indicated 
that the permeability of the cardiac cell for glucose changes during ontogeny. 
In particular, it was suggested that in the early stages of embryological 
development, glucose enters the cell freely, and its uptake is limited by 
the rate of intracellular utilization. At this stage, the preparation is insensi- 
tive to insulin. Between the 6th and the 9th day of development, a glucose 
transport system develops and becomes the rate limiting factor of glucose 
uptake. This system appears to be sensitive to insulin and to other substances, 
such as 2,4-dinitrophenol and ouabain, which are known to alter membrane 
permeability |3, 4]. Accordingly, as the development of the heart proceeds, 
the preparation becomes progressively less permeable to sorbitol, a glucose 
analogue that does not penetrate the cardiac cell in the adult rat heart [5]. 

In the present work we have studied the effects of insulin in more detail, 
and in particular we have attempted to analyze the kinetics of glucose uptake 
in chick embryo hearts at various stages of development. The biological 
characteristics of the preparation employed and methodology have been 
described elsewhere [1, 6]. 

In 5-day old hearts, incubated with increasing concentrations of glucose, 
glucose uptake increased rapidly up to an 8mM concentration, then more 
slowly. Up to this concentration, no significant accumulation of intracellular 
free glucose could be detected, and uptake was therefore considered an 
approximate measure of inward transport as a function of extracellular 
glucose concentration. The Lineweaver-Burk plot of these data is represented 
by a straight line which extrapolates very close to the origin, indicating 
extremely large V,,,, and K,, and suggesting that, in this preparation, glucose 
transfer across the cell membrane was compatible with simple diffusion. At 
medium concentrations greater than 8 mM, free glucose accumulated intra- 
cellularly, and an approximate estimate of the rate of glucose phosphoryla- 
tion as a function of the intracellular sugar concentration gave a K,, of 
1.2 10-*M and a V,,,, of 50 to 60 wmoles/g. wet weight per hour. In 
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10-day old hearts, free glucose accumulated intracellularly only when its 
extracellular concentration exceeded 24mM in the absence of insulin and 
16 mM in its presence. Below these concentrations, a plot of the experimental 
data showed that inward transport was consistent with a Michaelis- Menten 
kinetics characterized by values of approximately 13 X10-%M and 
8 X 10-°M for half-maximal transport in the absence and in the presence 
of insulin, respectively, and by a value of about 30 wmoles/g. wet weight per 
hour for transport maximum in either situation. These kinetic effects of the 
hormone on 10-day old chick embryo hearts were different from those observed 
in perfused rat heart |7, 8] or frog sartorius muscle [9] and resembled the 
effects of insulin on glucose transport observed in rat epididymal fat 
tissue [10]. 

Plasma glucose in 5-and 10-day old chick embryos ranges between 140 and 
160 mg./100 ml. (89-9 mM). These values approach the external concentration 
at which intracellular glucose phosphorylation became limiting for glucose 
utilization in 5-day old hearts. On the other hand, in 10-day old hearts, 
glucose uptake at the same external concentration was restrained by the 
transport system and was increased by insulin by about 40-45%. Therefore, 
it is suggested that insulin might become involved in the physiological contro] 
of glucose uptake by the chick embryo heart after the transport system has 
developed. This hypothesis finds additional support in the observations 
that the £-granules, which are believed to be a sign of insulin secretion, appear 
in the pancreatic islets cells during the 7th day of embryological development 
[11] and that, at the same time, an effective extrusion mechanism for sodium 
(Na pump) develops in the myocardium of the chick embryo [12]. (Aided by 
Grants AM-05290 and AM-6034, U.S. Public Health Service). 
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With 6 Figures 


The most commonly employed pharmaceuticals with diuretic action fal! 
chiefly into the following categories: 


The organomercurials, 
Chlorothiazide compounds, 

The carbonic anhydrase inhibitors, 
The xanthines and uracils, 
Osmotic diuretics. 


In the last 3 years another compound, fursemide or furosemide, 
better known by the trade name Lasix® of the German pharmaceutical 
firm Hoechst, has proved to be a successful diuretic agent. Together 
with my collaborator W. Nagel in Goettingen I have studied the influence 
of this drug on the bio-electric properties of the isolated frog skin, applying 
the well-known methods and techniques of H.H. Ussing and K. Zerahn. 

In 1952 H. Linderho|m [1] in the institute of T. Teorellin Uppsala 
showed that the mercurials, added to the solutions bathing both sides of the 
skin, considerably reduce potential as well as the short-circuiting current 
(s.c.c.) and sodium transport measured by labelled ion fluxes. Likewise, 
the cardiac glycosides, which, since the work of H. J. Schatzmann [2], 
have been recognized as the most specific and potent inhibitors of active 
transport, show a distinct diuretic effect. But the reverse statement, that 
every and anypharmacologial agent which destroys the sodium pump mecha- 
nism also has diuretic properties, does apparently not hold. By a chance 
observation I found that phenylbutazone (Butazolidin®, Geigy), applied 
in a concentration of 100mg. per 100ccm. bathing solution, depresses 
the potential as well as the s.c.c. But this substance, an effective antiphlogisti: 
and antirheumatic agent, shows an undesirable antidiuretic side effect. 

The effect of hydrochlorothiazide (Esidrix®, Ciba) on ithe skin poten- 
tial is represented in Fig.4. In all our experiments only skins of Rana 
temporaria were used, with animals collected during the summer and autumn. 
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Fig. 3. Phenylbutazone (Butazolidin®, Geigy). 
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Fig. 4. Hydrochlorothiazid (Esidrix®, Ciba). 
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If a multi-chamber-measuring cell is used, allowing the simultaneous record- 
ing of potential and s.c.c. in comparison with controls, the current drops off 
parallel to the decline of the potential. 

In contrary to this finding the application of fursemide gives quite 
another result. The skin potential goes up considerably, the s.c.c. either rises 
slightly or remains unchanged. Stepwise application of fursemide in 
higher dosages results in corresponding rises in potential values. There is 
also an increase in membrane resistance (as expressed by the ratio: open 
circuit potential/s.c.c.). 

Analogous experiments with skins in contact with sulphate Ringer showed 
that in most cases a significant rise of the potential does not occur (Fig. 5). 
The s.c.c., too, remains approximately constant or increases slightly. In a 
few experiments, however, we have observed a rise in the potential as well 
as in the s.c.c. that would amount to more than 10% of the initial value. 

Furthermore, we measured the flow of fluid through the skin by applying 
a hydrostatic pressure (10—50 cm. of water) on the epithelial side of the skin. 
We saw a velocity reduction of fluid passage of about 10-30% after addition 
of Fursemid. Apparently the mode of action of this substance is anta- 
gonistic to that of the antidiuretic hormone. 

On the basis of the Ussing model, with its discrimination of active 
and passive components, the tentative conclusion from these experiments 
should be that fursemide (apart from its influence on the passage of 
fluid) primarily inhibits the permeation of passive ions, especially chloride. 
Thus, the electric “shunt” is reduced. The strong rise of the potential in 
chloride Ringer, while the s.c.c. is only slightly heightened, should favor 
that view. Whether a weak interaction with the active part of the membrane 
occurs in addition could be decided only by further studies using labelled 
chloride. 

To diminish sodium transport in the kidney tubule, it is thought that a 
drug must interfere with the sodium pump mechanism itself. Although this 
is the opinion generally held regarding the mode of action, one should not, 
for reasons of electroneutrality, discount the possibility that an inhibition 
of the permeation for passive ions of opposite sign should work as well. 

It goes without saying that experiments with skins of Rana temporaria 
could not be considered representative for that which might occur within 
the kidney of Homo sapiens in all its complexity. Even other isolated 
membranes could react differently. In any case, the interpretation given 
seemed to be of some interest to workers [3, 4], engaged in studying the mode 
of diuretic action. 
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Quaternary ammonium compounds, organic cations at all physiologic 
pH’s, were found to be absorbed incompletely but fairly rapidly from the 
intestine, in vivo (Le vine 1960, Le vine et al. 1955). In the case of a proto- 
typic monoquaternary agent, benzomethamine, detailed kinetic studies 
showed that more than passive diffusion was involved in this absorption 
(Levine and Pelikan 1961). This work led to the formulation of the 
hypothesis that some of the quaternary compound was transferred as the 
neutral complex by virtue of combination with an endogenous anion. Upon 
testing this hypothesis, a fraction of tissue, the phosphatido-peptide fraction 
(F oleh 1952) was found to have a significant and dose-dependent effect 
in increasing the degree of intestinal absorption of various quaternary 
ammonium compounds (Le vine andS pencer 1961, Le vine 1962, 1965). 
Kinetic studies of the absorption of benzomethamine in the presence of the 
phosphatido-peptide fraction have yielded data which permit the inference 
that the absorption of benzomethamine even in the presence of this fraction 
does not occur by passive diffusion alone (Levine and Pelican 1964). 
The data to be reported here are results of studies undertaken to determine 
the mechanism by which the phosphatido-peptide fraction produces its effect 
on the absorption of the prototypic agent, benzomethamine. 

The phosphatido-peptide fraction (PPF) used in the present studies was 
extracted from rabbit small intestine by the method of Huggins and 
Cohn (1959) and prepared for use as previously described (Levine and 

1 This investigation was supported in part by research grant NB-01966 from the 
National Institute of Neurological Diseases and Blindness and by a Public Healt 
Service Fellowship (for P. J. K.) Number 5-Fl-GM-19,278 from the Institute of 
National General Medical Sciences of the National Institutes of Health, United 
States Public Health Service. 
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Pelikan 1961)2. The dry weight of the fraction represented 0.06% of the 
wet weight of the fresh tissue. The degree of intestinal absorption was 
determined in vivo in rats using the intestinal loop technique (Le vine et al. 
1955, Levine and Pelikan 1961). Benzomethamine was determined by 
the bromophenol blue method of Mitchell and Clark (1952) and Na 
and K were determined using a Baird flame photometer. 

The duration of effect of the PPF was determined in studies in which 
the fraction was administered to intestinal loops of rats at various times 
before the addition of the quaternary drug. The results indicate that the 
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Fig. 1. Absorption of benzomethamine from intestinal loops in the rat following 
pretreatment with phosphatido-peptide fraction (PPF). Columns represent the mean 
per cent absorption of benzomethamine in three hours, The bars through the 
columns represent the range of values obtained from 4-8 rats, Dose of benzo- 
methamine: 0.5 mg/loop. Controls were pretreated with water in place of PPF. 


PPF increased the absorption of benzomethamine to the same degree whether 
added simultaneously with, or as long as two hours before, the quaternary 
drug (Fig. 1). 

In another series of experiments, varying doses of the PPF were admin- 
istered to intestinal loops of rats and also allowed to remain for either %, 
1 or 2 hours, but before adding benzomethamine the loops were flushed out 
with 20 ml. of water. Four doses of fraction were used, varying from 0.22 mg. 
to 0.88 mg. per intestinal loop, but the volume injected was kept constant at 
0.5 ml. The results are represented in Fig. 2 for two of the four doses of PPF 
used. Flushing out the loops pretreated with the high dose of PPF, 0.88 mg., 
did not significantly alter the effect of PPF. Similar results were obtained 
with a dose of 0.44 mg./loop. However, when the pretreatment dose of PPF 
was lowered to 0.33 mg. (or to 0.22 mg.), the degree of absorption was observed 
to decrease progressively as the time interval of pretreatment increased. 


2 The particular preparation of the PPF used in the present studies was found 
to have an atomic nitrogen te phosphorus ratio much greater than that of previous 
preparations of fractions, 
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After the two hour pretreatment period there was no significant difference 
between the controls pretreated with water and the loops pretreated with 
the two lower doses of PPF. 

The total effect of the higher doses of fraction could be distinguished 
from that of the lower doses in still another way. The use of PPF in doses in 
excess of 0.33 mg./loop, in the presence or absence of a quaternary drug, 
frequently led to the accumulation of fluid within the isolated intestinal 
loop. No fluid accumulation was observed with doses lower than 0.33 mg. 
PPF/loop even though these doses were effective in increasing absorption 


Y, Duration of 
(1A Qeczs.. 
LO vw | 2hs 


) 


o 
oO 
! 


Per Cent Bz Absorbed in 3 hours 
s 8 
S 

















Control O.33mg PPF 0.88 mg PPF 


Fig. 2. Influence of washing on the effect of phosphatido-peptide fraction on absorp- 

tion of benzomethamine in the rat. All intestinal loops were flushed out with 20 ml. 

water following pretreatment with PPF and before the addition of benzomethamine. 

Columns represent the mean per cent absorption of benzomethamine in three hours. 

The bars through the column represent the range of values obtained from 4-8 rats. 

Dose of benzomethamine: 0.5 mg/loop. Controls were pretreated with water in place 
of PPF. 


of the quaternary agent. The Na and K concentrations in the intraluminal 
fluid which accumulated with the high doses were found to be insignificantly 
different from the Na and K concentrations of normal rat plasma but were 
significantly different from the concentrations of these ions in fluid which 
was osmotically-induced by the administration of hypertonic sorbitol. 
Consideration of the results obtained with the high doses of PPF directed 
attention to microscopic examination of intestinal tissue following exposure 
to PPF under the same conditions as in the absorption studies of sections. For- 
malin-fixed tissues, which, before fixation, had been exposed to control solu- 
tions appeared normal and had normally stained epithelium and connective 
tissue. Tissues exposed to the high dose of PPF (0.88/loop) showed rupturing 
at the tip of the villi and sweiling under the epithelial surface with conse- 
quent pulling away of the epithelium. The tips of the villi also showed 
marked changes in staining characteristics, i.e., loss of basophilia. There were 
fewer goblet cells in the tips of the villi, and the staining pattern of their 
contents indicated that the nature of the contents had been altered. 
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In summary, the data to date indicate that: 1. the phosphatido-peptide 
fraction of intestinal tissue has a dose-dependent effect which, in vivo, leads 
to an increased intestinal absorption of quaternary ammonium compounds; 
2. this effect is persistent, and its duration is a function of the dose of the 
PPF administered; 3. at high doses of the fraction (three to four times the 
threshold absorption-enhancing dose), increase in absorption of the 
quaternary compound, is associated with a movement into the intestinal 
lumen of water, Na and K, and 4. at high doses of the fraction, macroscopi- 
cally-observed effects are accompanied by microscopically observed tissue 
changes. The tissue changes seen and the data obtained with the high doses 
of phosphatido-peptide fraction may be associated with the acidic nature 
of the PPF. Future work will provide the answer to this question and to the 
question of whether or not the effects of the high doses of PPF are quali- 
tatively different from the effects produced by low doses of phosphatido- 
peptide fraction, or merely quantitatively different. 
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In 1953 it became clear from work with human red cells that the K-loss 
from cells treated with cardiac glycosides (or their aglucones) is due to inhibi- 
tion of active Na-K-transport [1]. The inhibition of the Na-pump was later 
demonstrated in most cells showing active Na-K-transport, ranging from the 
frog skin epithelium to the cells of the ciliary body of the human eye [2—14}. 

The active Na-K-transport derives its energy from hydrolysis of ATP. 
It was shown, for instance, by Whittam that ATP-level and active trans- 
port decline concomitantly in glucose-free red cells [15]. Cardiac glycosides 
do not—as do many metabolic inhibitors—block transport by disturbing 
ATP-synthesis. Glucose-free red cells that function on added ATP only are 
still sensitive to cardiac glycosides. Fig. 1 shows an experiment with reconsti- 
tuted red cells [29,41] deprived of glucose and supplied with a Mg-ATP solu- 
tion. They show active Na-K-transport which can be abolished completely 
with ouabain. 


This experiment is perhaps not as straightforward as one might think. Sen and 
Post [16] have shown that red cell ghosts contain an adenylate kinase which can 
only be removed with difficulty. They have further demonstrated that the ribose- 
phosphate moiety of the formed AMP can be made available for glycolysis. 


In 1957 Sk ou discovered in crab nerve membrane material, an ATP-ase, 
activated by the simultaneous presence of Na and K, which later on was 
found in many membranes capable of actively transporting Na and K. It 
was at once suspected that this membrane ATP-ase and active Na-K-trans- 
port were related phenomena. Among other observations the fact that the 
Na-+K-activated ATP-ase is also inhibited by cardiac glycosides [31, 32, 36, 
37] can be used to argue in favor of this idea. Under identical experimental 
conditions the same concentration of a cardiac glycoside is necessary for 
inhibition of Na-K-transport and Na+K-activated membrane ATP-ase, as 
shown in Fig. 2 [42]. ATP-ases not requiring Na and K, including the Na-K 
insensitive fraction in membranes, are not affected at all by cardiac glyco- 
sides, 
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The threefold action (cardiotonic effect, inhibition of Na-transport and 
inhibition of membrane ATP-ase) is rather characteristic for cardiac glyco- 
sides. The table shows a selection of drugs tested for inhibition of membrane 
ATP-ase in three preparations equally sensitive to cardiac glycosides. Some 
of them, such as caffeine or heptaminol have undeniable cardiotonic activity 
while others, such as hydrochlorothiazide interfere with Na-transport. Never- 
theless, most of them have negligible activity wpon the ATP-ase compared 
with that of ouabain. Mersalyl was quite effective, but its action is non- 
specific, because it also inhibits the membrane ATP-ase not requiring Na 
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Fig. 1. Change of the ratio of intracellular Na/intracellular K (Na,/K;) in red cell 
ghosts, deprived of glucose and loaded with ATP, during 90min. Extracellular 
fluid: 140mM NaCl, 10mM KCl, 10mM Tris-Cl, 2mM MgCl., 1mM CaCl,. Tem- 
perature 36,5°C. Initial cellular Na-content 81 -moles/ml ghosts, K-content 
6.4 u-moles/ml ghosts. Ouabain 10— g/ml suspension. 





and K. There are only two other classes of compounds known to mimic the 
action of cardiac glycosides, the erythrophleum alcaloids |20, 21, 22, 23, 24, 37] 
and the bisguanylhydrazone steroids [19, 25, 26, 27]. 

Obviously cardiac glycosides affect very directly the mechanism that 
uses the bond energy of the terminal phosphate in ATP to perform osmotic 
work. It is certainly not a farfetched idea that in this process ithe liberation 
of P; from ATP cannot be a one-step hydrolysis but that between the feeding 
of ATP into the system and the appearance of P; (inside the cell) some 
intermediate product must be formed which allows the displacement of Na 
and K in space. A guide to our understanding might be the basic fact that 
the directional effect of the pump mechanism on the cations has its counter- 
part in an asymmetry of the ATP splitting device. Na activates only if it 
is present on the inside of the membrane [28, 29], on the outside it is clearly 
inhibitory [30]. K activates only on the external surface of the membrane 
[28, 29]. Furthermore, ATP has access to the system only from the inside 
surface [29]. 

All this can best be interpreted at the present time by way of a carrier 
hypothesis, slightly modified from the one put forward by P ost et al. [33]. 
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Dunham and Glynn [32], Hokin and Hokin [34] or Judah and 
Ahmed. [35], whereby no decision has to be made as to whether the 
carrier is of the diffusion type or the rotatory type. The carrier molecule 
is enzymatically phosphorylated in the presence of Na on the internal 
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Fig. 2. Drug concentration-response curves for ouabain inhibition of active Na-K- 

transport (above) and for Na + K-activated membrane ATP-ase activity (below). 

ATP-loaded ghosts incubated at 365°C for 80min. Initial cellular Na-content 

68.5 u-moles/ml ghosts; K-content 12.4 u-moles/ml ghosts. Extracellular Na-concen- 

tration 80mM, K-conceniration 8mM. Cell-to-suspension volume ratio 1/18.6. Vertical 
bars, 2X standard error of mean. 5 experiments. 


surface (A). The Na ion is necessary for a good fit of ATP or the carrier to 
the enzyme. The carrier now diffuses or rotates outward in combination 
with the Na ion that was nearest when the carrier was transformed. At the 
external surface a hydrolyzing enzyme (B), which needs K to be active, 
restores the free form of the carrier (or breaks the phosphate cross link which 
rotated the carrier). This brings the carrier back again with the cation 
nearest at hand, that is K, at the moment the transformation took place. The 
carrier does not necessarily change affinity for Na and K; the cation- 
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specificity in the spacial arrangement is ascribed to the enzymes and not to 
the two forms of the carrier. 

The model outlined here is defective because it does not explain why P; appears 
inside the cell [16, 39]. Post et al. have recently proposed a scheme which takes 
care of this difficulty [33]. 


Table 1. Inhibitory molar concentration of different drugs tested on Nat + Kt-activated 
ATP.-ase in isolated membrane material. Last column: effect of the drug on AT'P-ase of 
the same membrane not requiring Na and K (|, inhibition, + activation, o no effect). 





| Mg + K + Na-activated ATP-ase | Mg- 
| activated 











Substance Preparation Saar patna 
| Cone. for | Max. Cone. | Inhib. | ATP-ase 
| | 50% Inhib. | — tested % | (effect) 
Ouabain /HRCM! | 1x 10-7M | 0 
Ouabain | Hog cardiac muscle | 0.8 x 10-7M 0 
Ouabain Guinea pig heart | 6 x 10-7? M? 0 
| 

Cassaine |Guinea pig heart | 5 x 10-7 M? 0 
Prednisolonbis- 

guanylhydrazone Guinea pig heart 2.8 ~ 10-7 M3 0 
Heptaminol | HRCM 5.5 x 10-3M| 0 0 
Caffeine | HRCM 5x 10-3M) 25 (+) 
Mersalyl | HRCM | 4x 10-§M $ 
Hydrochlorothiazide| Hog cardiac muscle 3.4 x 10-4M> 20 0 
Barbital-Na | Hog cardiac muscle | 4.8 x 10-4M 0 0 
Promethazine | Hog cardiac muscle | 3.5 x 10-4M 0 
Mepyramine Hog cardiac muscle 3.5 x 10-4M) 24 0 
Acetylcholine | HRCM 22x 103M 0 | 0 
Eserine | Hog cardiac muscle | 13.6 x 10-4M) 22 | 0 
Histamine | Hog cardiac muscle 15.4 x 10-4M! 20 0 





1 Human red cell membranes ? Repke!*’, * Dransfeld and Greeff 


In this scheme cardiac glycosides have several possibilities of action. 
They could interfere with the carrier movement per se (a) or reverse the 
binding affinity of the two enzymes for Na and K (b). On the other hand 
they might compete with ATP at A (c), with the carrier at A (d) or B (e), 
with K at B (f) or with Na at A (g). Competition with ATP is most 
unlikely, because ATP-ases not dependent on Na and K are refractory to 
cardiac glycosides. Competition with K is not likely for purely chemical 
reasons and is ruled out by the following experiments (Fig.3). Reconstituted 
ghosts containing 70mM Na and Mg-ATP were incubated at two dif- 


ferent Na concentrations and variable K concentrations in the external 
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medium, both with and without ouabain. It is obvious that the result does 
not favor the idea that there is competition between K and ouabain. Plotting 
ATP-ase activity in the presence of ouabain versus log K-concentration 
results in curves not parallel with and not reaching the same maximum as the 
control curves without ouabain. Fig.4 shows the same experiments in a 
different arrangement [38]. The upper graph shows the activation of the 
ATP-ase by external K at two different concentrations of external Na in 
the absence of ouabain. One finds the inhibition of the K effect by external 
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Fig. 3. Ouabain sensitive ATP-ase activity of human red cells after reversal of 
hemolysis. Intracellular concentrations: ATP > 4mM, Mg++ > 4mM, Na+ = 73 mM, 
K <20mM (not determined), Ordinate: inorganic phosphate liberated at 57°C in 
40min, relative scale. Abscissa: external K+ concentration. Vertical bars: 2X 
standard error of mean. Above: external Nat concentration 2mM, below: 140 mM. 


Na, first described by Whittam and Ager [30], which, according to the 
experiments shown, might well be competitive. Below is shown the same 
experiment carried out in the presence of an intermediate ouabain con- 
centration. The lowered maximal activity at high K concentration is con- 
spicuous. In addition it can be seen that, in the presence of ouabain, Na in 
the external medium is more effective in antagonizing the K activation. While 
in the control Na has no measurable effect at 12mM external K, it signifi- 
cantly lowers the activity at this K concentration if ouabain is present. In 
the control experiments addition of 140 m-moles/I. Na shifts the apparent 
dissociation constant for the K-receptor complex by a facior of about 5 
and in the presence of ouabain by a factor of 15. The importance of the 
Na-concentration for the effect of ouabain on membrane ATP-ase was seen 
earlier in experiments with cardiac muscle membranes [40]. The possibilities 
a), d), e) could not possibly be invoked to explain the dependence of the 
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ouabain action on the sodium concentration. Possibility g) is not compatible 
with the observation for several reasons: 1. Na does not inhibit but stimulates 
at A, 2. in the present experiments the internal Na concentration was kept 
constant, 3. competition between Na and ouabain is improbable for chemical 
reasons. The only acceptable hypothesis therefore seems to be possibility b). 


A o (44) 


L nei oi 


0.5r 





























pif 
2 
2 
3 
° 
. on os | 
c 
2 [x] mu 
' 
£ 
s 
3 B 
° 10 + 
(14) 
z 
7 
0.5} Sy cee 
<< [No] ¢* 140mm 
s,__.4-———— 
Ol os | 


[k] mm 
Fig. 4. Same experiments as in Fig. 3. A: control, B: 2.75.10—7 M ouabain, Abscissa: 
External K concentration, Points single experiments, unless number is indicated in 
brackets. Absolute activity in the control experiments at 12mM external K+ not 
statistically different for 2mM and 140mM external Nat. Vertical bars: 2X 
standard error of mean. 


The increased affinity of B for Na is directly observed, a presumable increase 
in affinity of A for K might account for the depressed maximal activity in 
the reported experiments. 
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The Effect of Prostaglandin E: on Free Fatty Acid 
Mobilization and Transport 


By 
| F. Berti, R. Lentati, M. M. Usardi, and R. Paoletti 
| 
Institute of Pharmacology, University of Milan, Milan, Italy 


Prostaglandin E; (PGEi: 14 alpha, 15 dihydroxy-9-keto-prosi-13 enoic 
acid) is the best known of a series of lipid soluble acidic compounds (prost- 
aglandins) present in mammalian tissues and biological fluids [1, 2]. The 
prostaglandins include several closely related components isolated and 
elucidated from the point of view of their chemical structure by Berg- 
strém etal. [3,4]. They are biosynthesized in mammalian organisms from 
the corresponding polyunsaturated fatty acids (arachidonic, homo-gamma- 
linolinie acid [5] and exhibit biological activity in vitro and in vivo at 
extremely low concentrations: vasodepression [6], smooth muscle contraction 
|7, 8] and inhibition of free fatty acid release from adipose tissue [9, 10, 11]. 

PGE; has no in vivo effect on plasma free fatty acids (FFA) of the rat 
when injected intravenously in a single dose [12], possibly because of the 
very rapid metabolic degradation [13]. 

The present investigations show that PGE: has a marked action on FFA 
transport in its ability to reduce plasma FFA levels under different experi- 
mental conditions, when administered by intravenous infusion in non- 
anaesthetized rats. 

According to Bergstrém et al. [14, 15] PGE:, Es and Es are potent 
antagonists of the increased plasma FFA levels induced by administration 
of norepinephrine in dogs. The effect, even if not complete, is still present 
with doses as low as 0.4 ug./kg./min. of PGE:. The increased blood glucose 
levels induced by norepinephrine in the same animals is not antagonized 
by PGE:. This result is in good correlation with the observation by Stein- 
berg et al. [16] that phosphorylase activation induced by epinephrine is 
not influenced by PGE: and with previous experiments from this laboratory 
showing that PGE: itself may induce hyperglycemia in rats, through a release 
of catecholamines from the adrenal medulla [17, 18}. 

PGE: infusion in man (0.1—0.2 wg./kg./min.) induces a clear cut decrease 
of blood pressure values but an increase of plasma FFA and glycerol. In 
addition, PGE: in man antagonizes the pressor effects of norepinephrine 
infusion but not the concomitant increase of plasma FFA [19]. This dis- 
crepancy has been first attributed to species differences; but more recent 
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experiments, using in dogs the same doses already employed in man, indicate 
that in both species low doses of PGE: increase and higher doses reduce the 
plasma FFA and glycerol level. The increase may be attributed to release 
of adrenocortical and adrenomedullary hormones. 

In our experiments adult non-anaesthetized rats have been infused with 
a single dose of PGE: (5.6 ug./kg./min.) using a cannula infixed in a jugular 


Table 1. Effect of PGE, infusion on plasma FFA and blood glucose level in rats. 





Plasma F.F.A. Blood glucose 








Groups | Treatments | Signifi- 














Saline | PGE, Saline PGE, | Signifi- 
cant levels | icant levels 
I | None 0.421 + 0.03 | 0.283 + 0.02} P < 0.05| 1.07 + 0.07 1.76 + 0.09 | P< 0.005 
II | ACTH | 0.804 + 0.04) 0.358 + 0.08| P < 0.05} 0.93 + 0.03 | 1.58 + 0.11 |P < 0.05 
III N. E. 0.737 + 0.03 0.261 + 0.02) P < 0.05} 1.98 + 0.08 | 1.934012] ns. 
IV Cold 
exposure | 0.725 + 0.09/ 0.413 + 0.06) P < 0.05 | 1.03 + 0.02 | 1.33 + 0.07 | P< 0.05 
v Fasting 0.695 + 0.05| 0.665 + 0.02) n. s. | 0.77 + 0.02 | 1.12 + 0.06 | P< 0.05 








Sprague Dowley male rats weighing 450 + 25g. 

All animals fasted for 6 hours (except group V) were infused with Prostaglandin 
E, (5, 6 ug/kg/min) in 10 ml saline for 25 minutes and killed immediately there after. 
Untreated animals received the same volume of saline. 

Group II received depot-ACTH (Ormonoterapia Richter, Milan) at the dose of 
20U/rat s.c. 60 minutes before infusion. 

Group III received norepinephrine HCl (Recordati, Milan) at the dose of 1 mgs.c. 
60 minutes before infusion. 

Rats of group IV were exposed to cold (+ 4°C) for 210 minutes before and 
during infusion. 

Rats of group V were fasted for 36 hours before the infusion. 

Blood glucose was determined according to Nikkilié and Hyvarinen [25]. 

Plasma FFA according to Dole [26]. 

Each figure represents the average of 8 animals + S.E. 

The data were statistically elaborated with analysis of variance. In addition the test 
of the least significant difference was applied for particular comparison. 


vein. Some animals were pretreated with adipokinetic hormones (ACTH, 
norepinephrine), as described in detail in Table 1, or submitted to a typical 
stress condition, cold exposure. All these treatments are known to induce 
increased plasma FFA levels due to hypermobilization of FFA from depot 
fat. As shown in Table 1, PGE: infusion induces a significant decrease of 
plasma FFA levels in control rats and an increase of blood glucose levels. 
The effect is much more pronounced in rats pretreated with depot-ACTH 
and norepinephrine. In these animals the plasma FFA values are reduced 
to normal levels, without any effect on the blood glucose levels. Similar 
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results are obtained in cold-exposed animals. PGE; is not active-on FFA 
plasma levels in fasted rats. The increase with fasting of the plasma FFA 
levels is independent of hormonal and nervous control, and it is present in 
medullectomized, adrenalectomized or chemically sympathectomized rats 
|20]. Our data have been recently confirmed by Carlson [21] who has 
observed no effect of PGE: incubated in vitro on FFA and glycerol release 
from epididymal fat pads removed from fasted rats. 

It is of interest to observe that nicotinic acid, the well-known inhibitor of 
FFA mobilization from adipose tissue [22, 23], is also active against increased 
FFA levels induced by fasting |24]. This indicates that the two most active 
compounds decreasing FFA plasma levels exert their effects by different 
mechanisms. PGE; is a more specific inhibitor of hormone-activated lipolysis 
and also shows the interesting property of antagonizing completely the 
adipokinetic effects of the catecholamines without interfering with the induc- 
tion of hyperglycemia. This highly specific effeci of PGE: on catecholamine 
induced fat mobilization represents an useful tool for investigations on the 
effect of increased FFA transport during stress, cold exposure or muscular 
exercise; and it may be helpful in evaluating the role of the increased FFA 
levels in conditions such as diabetes and hyperthyroidism. On the other hand, 
the selective antagonism of PGE: for some metabolic effects of catecholamines, 
exerted at concentrations approaching the physiological levels, may lead to 
a new appraisal of the biological function of these compounds that are so 
widely distributed in the mammalian organism. 


Summary 


Prosiaglandin E; (administered by intravenous infusion at the dosis of 
5.6 ug/kg/min.) markedly decreases plasma free fatty acids in Sprague- 
Dawley rats treated with ACTH or norepinephrine or exposed to cold. 

The blocking effect is absent in fasted animals, indicating a specific effect 
of PGE: on the hormone-activated ‘lipase. 
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Structure and Physical Chemistry of Membranes 
By 


B. A. Pethica 
Unilever Research Laboratory, Port Sunlight, Cheshire, England 


Introduction 


This article is not intended as a review either of the proceedings of part 
of this conference or of the current position in the study of the structure of 
biological membranes. Indeed, it would be presumptuous for a physical 
chemist to attempt either review. In the present state of membrane studies 
there is a happy symbiosis between the cell cytologists and the physical 
scientists. The physical chemist should not attempt to fit the variety of 
biological experience into the Procrustean bed of oversimplified models and 
theory and finds more problems than solutions. The remarks which follow 
are intended as a commentary on current theories of certain aspects of mem- 
brane structure and as an indication of future lines of physical research 
both in model and membrane systems. 

The contributions to the conference constitute a review in themselves. 
In addition, there have recently appeared reviews on the unit membrane [1, 2] 
and the structural forces in membranes [3] which will provide a convenient 
starting point for this article. The first volume of Kavanau’s recent 
book |4] contains an excellent compilation of the background physical 
chemistry for the discussion of membrane structure and function. The second 
volume, although more speculative, will undoubtedly stimulate much valuable 
research and brings to the fore the question of the fluctuations in membrane 
structure which are likely to accompany a variety of membrane processes. 


The Unit Membrane 


Beginning with the earlier structure proposed by Danielli and 
Davson [5| on the basis of indirect evidence, the concept of the unit mem- 
brane developed as a result of electron microscopic and X-ray studies by 
Finean,Robertson,Sjéstrand,Stoeckenius and other workers 
|see References 1, 2 and 4 for a bibliography]. The unit membrane concept 
now constitutes a general unifying theme in membrane morphology and is 
the common starting point for most accounts of the plasma membrane. It 
is a mark of the success of the unit membrane concept that an enormous 
number of studies have been made in an attempt to refute, refine and amplify 
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it and that a variety of detailed structures are proposed within and near 
the unit membrane. The simplest idea of a unit membrane as a lipid bilayer 
flanked by suitable macromolecules remains useful, but evidence increases 
(6, 7,8, 9] that the membrane has lateral substructure variously described as 
micelles or globular uniis. Negative staining studies also suggest the presence 
of stalked particles on many membranes [10, 11]. These stalked particles 
may be the seat of enzymic activity and appear to be connected into what 
Green andF leischer [11] call the mesolayer, which can be tentatively 
regarded as the unit membrane itself. The present author is content to leave 
to others the question of when an artefact is not an artefact—both in negative 
and positive staining |2, 12]. The unit membrane concept seems established, 
with the proviso that the detailed hyperstructure and dynamic relationships 
in vivo are not more than hinted at by current electron microscope techniques. 
One should not look for more precision than a technique permits [13]. 

A remarkable feature of unit membranes is the variety of chemical con- 
stituents that make up the sheet-like structures [14], ranging from high to 
zero cholesterol, high to zero zwitterionic phosphatides etc. At this stage, 
extended macromolecules and the hydrocarbon chains of phospholipids 
appear as the major common constituents of membranes so far studied. A 
closer look should be given at the structural properties of lipid chains and 
at lipid-macromolecule interactions in membranes. The interactions of phos- 
phatides with cholesterol and the ionic interactions of phosphatide zwit- 
terions are obviously of particular, rather than general, significance [14, 3]. 

A membrane sheet made up of micellar sub-units is a difficult concept 
theoretically and would require either that the sub-units themselves be 
asymmetric, in order to cohere into a sheet, or that the “cement” of the sub- 
unis be itself the source of two-dimensional structure. In what follows, an 
attempt is made to state some of the thermodynamic and structural issues 
for membrane architecture and to emphasize new ways of studying the 
dynamics of membrane structure and the hypothetical transitions occurring 
in vivo. 


The Membrane as a Thermodynamic Entity 


A biological membrane is anything but an equilibrium system. Its per- 
sistence during biological activity, or in isolation, leads to the trivial con- 
clusion that it has a favourable local thermodynamic balance. The problem 
of membrane structure is, phenomenologically speaking, the problem of 
accounting for this thermodynamic balance in terms of interactions between 
the constituents in an aqueous biological environment. It is thus important 
to see how far current thermodynamic theory can be useful in discussing 
membranes, and it has to be admitted at the outset that the position is far 
from satisfactory: It is very doubtful whether concepts drawn from surface 
thermodynamics, for example, are entirely relevant to membranes. “Surface- 
tension” is a term with clear meaning for a surface phase which is thin on 
a molecular level but extended laterally so that its extensive variables can 
be referred to a macroscopic area. The term is of doubtful meaning for 
a microscopic, laterally heterogeneous thin zone such as a membrane. The 
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thermodynamics of an assembly of membranes will, no doubt, answer to 
classical macroscopic thermodynamics, but the interesting energy, entropy 
and concentration changes which occur at the micro level demand the use 
of a more subtle thermodynamic style. Much of the current speculation on 
“phase” transitions in membranes |see particularly Reference 4] is, to put 
the matter bluntly, both well beyond experimental evidence and thermo- 
dynamically insecure. Nonetheless, these speculations are so attractive as 
to deserve to be correct and constitute a challenge to experimenter and theo- 
retician alike. 

There appear to be two extensions to classical thermodynamic theory 
which could be developed for the description of membrane phenomenology. 
There are also relevant experimental methods which could be used to advan- 
tage more often. First, in regard to theoretical approaches, the methods of 
fluctuation thermodynamics and of the new “small-systems” thermodynamics 
seem relevant and worthy of further discussion. 

Fluctuation theory [15] has been principally concerned with the micro- 
scopic fluctuations occurring in an equilibrium macro-phase. For example, 
fluctuations in density and concentration in liquids lead to the light-scattering 
phenomenon [44]. The application of fluctuation theory to crystal nucleation 
from supersaturated solutions is an example of its use in a kinetic non- 
equilibrium situation [16]. Essentially, fluctuation theory uses a suitable form 
of the Boltzmann equation relating the entropy of a fluctuation to the prob- 
ability of its occurrence, the particular form depending on the boundary 
conditions of the fluctuation — as to whether it is at constant temperature, 
enthalpy etc. The molecules of biological membranes, such as lipids and 
proteins, are rich in configurational entropy. Solvation and desolvation pro- 
cesses involving water almost certainly make large entropy contributions 
to membrane processes. The number of states of similar entropy and energy 
will therefore be very large and processes such as ion-binding, changes in 
chain conformation, adsorption of polymer chain segments, and hydrophobic 
bonding can all be expected to play their complicated roles in concert to 
produce fluctuations in plenty. In considering the rates of fluctuation, it 
is not sufficient to consider the entropy and energy differences between initial 
and final states, since the entropy and energy of intermediate transitional] 
states will define the rate of transfer. In this connection, the role of local 
triggering reactions will be very important. One such triggering process could 
be an electrical potential, as discussed further below. The so-called Palmer- 
Schmitt effect discussed by K avanau could be another trigger reaction [4]. 

Hill [17] has recently introduced extensions of classical thermodynamics 
suitable for “small systems”. Small-systems thermodynamics is appropriate 
for discussing the phenomenology of aggregation, polymers, ion binding to 
proteins and colloid dispersions generally. So far, small-systems thermo- 
dynamics has not been widely applied. A recent and relevant application 
is concerned with using Hill's methods for describing micellisation of 
non-ionic surface active agents |18]. The particular value of small-systems 
thermodynamics for describing micellar aggregation is that micellar com- 
position, aggregation number, the distribution of aggregation numbers and 
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the conceniration of micelles are introduced specifically as variables and 
that equilibrium and non-equilibrium states of micellar systems can be 
discussed in terms of the “subdivision potential”, a free energy term akin, 
in some respects, to a surface free energy. The new treatment of micellisation 
solves the old problem of whether or not to regard micellisation as a phase 
change within the meaning of the Phase Rule and gives a set of relations 
between the temperature coefficients of the aggregation number and the 
width of the aggregation distribution as well as between the micelle points 
and the heats and entropies of micellisation. Extensions of small-systems 
thermodynamics to ‘interacting and ionic micelles are now under way [19]. 
Although the treatment is still in an early stage of development, it can now 
be seen that interpretation of thermodynamic data in terms suitable for 
macroscopic systems is in principle incorrect if applied to a system which is, 
in reality, a complex of interacting small systems such as “micelles” or “zones” 
in a membrane. Furthermore, experimental results obtained with macro- 
scopic model systems may not be very relevant to membrane systems. 

The methods of fluctuation thermodynamics and small-systems thermo- 
dynamics are mutually consistent. One may expect the former to be most 
applicable for the analysis of situations in which reasonable statistical 
calculations of entropy can be made and the latter to be most applicable 
in interpreting experimental results on assemblies of membranes in terms 
of the microscopic sub-unit properties. Both thermodynamic approaches 
show that on the level of the membrane and its sub-units the transitions will 
not be as sharp as ordinary macroscopic phase changes and that the concept 
of a “phase” change is analogical for these systems. 

So much for the primitive state of the theory. As to relevant experimental 
thermodynamic approaches to the membrane problem, reference may be 
made elsewhere to the use of monolayer, micellisation, electrochemical and 
other methods [4]. Attention will be drawn now to two new thermodynamic 
developments of interest for membrane theory. 

Differential thermal analysis (DTA) is currently being used to study the 
polymorphism of long chain compounds and the interactions between lipid 
molecules. Kung and Goddard (20, 21] have provided valuable DTA 
results on the interactions of long chain sulphates and alcohols and have 
demonstrated strong complex formation at certain molecular ratios. More 
recently van Senden andSpier [22], in collaboration with Prof. van 
Deenen, have examined a number of phospholipids alone, and in mixture 
with cholesterol, by the DTA method. Some thermal transitions in the bio- 
logical temperature range and fairly weak interactions with cholesterol have 
been observed. Similar DTA resulis by Chapman and his collaborators 
in a sister laboratory |23, 42] also show the value of DTA in detecting pre- 
melting phenomena in phospholipids. A comprehensive DTA study of phos- 
pholipids is afoot in these two laboratories and will further illuminate the 
question of polymorphism, sintering and premelting phenomena in long chain 
compounds. A review of the premelting phenomenon in phospholipids, prior 
to the application of DTA techniques, is given by Dervichian [24]. 
With suitable refinements, the DTA technique should be applicable to the 
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study of “phase” or conformational changes in natural membranes and will 
give useful information, in particular, on the effects of temperature on mem- 
brane processes [22, 25]. One may expect that an interaction process revealed 
by DTA in a model system as having a large heat will not correspond to a 
significant membrane process unless it occurs at biological temperatures and 
even then only if it is a fast process. Transformations involving large negative 
entropy changes under isenthalpic conditions are unlikely. Such large 
entropy changes must be compensated by heat terms arising from chemical 
processes, chain melting heats and ion binding or by compensating positive 
entropy changes in other parts of the membrane system — such as desolvation, 
partial desorption of proteins etc. The question of the behaviour of lipid 
chains is considered in more detail below. 

The second group of thermodynamic experiments to be discussed concerns 
changes in arrangement of phospholipids at a surface under the influence 
of an applied electrostatic field [26]. These experiments were prompted by 
a thermodynamic treatment of the Volta effect given by Koenig [27], 
and they show that certain molecules, spread as insoluble monolayers at an 
aqueous electrolyte surface, undergo a change in dipolar orientation when 
modest potentials are applied. The phenomenon has been observed for mono- 
layers of a protein, a long chain amino acid and a cephalin, all in the zwit- 
terionic form at their iso-electric points. The distortion polarizability normal 
to the surface is quite large for these zwitterions and suggests that such mole- 
cules in biological membranes are significantly polarized at fields comparable 
to those displayed in action potentials of excitable membranes. The signifi- 
cance of these results to membranes is that, in view of the substantial ionic 
cohesion forces in membrane sheets [3], polarization distortion may well 
be a “triggering” process leading to the membrane conformational change 
related to the alteration in permeability during action potentials. These 
conformational changes may be only slowly reversible on removing the 
potential at a membrane, particularly if chain reorientation or macromolecule 
coupling is involved. 

In studies of electrical impulses in squid axon, the permeability changes 
appear to be associated with a rapidly reversible dipole distortion within 
the membrane [43]. The monolayer studies described above constitute a 
way of studying such polarization effects in model surface systems. Ke ynes 
has reported some elegant calorimetric studies of electric organ [28], con- 
tinuing earlier experiments with his co-workers [29]. The sequence of tem- 
perature changes during and after a discharge reveals an interesting cooling 
phase, with a heat change much in excess of the adiabatic cooling expected 
from the external Joulean heat. Keynes discusses the possibility that 
this cooling may reflect a melting or splitting of a membrane component. 
A temporary reorientation of paraffin chains and bound macromolecules 
in the membrane as a result of polarization distortion leading to an entropy 
increase could account for the cooling phase. The reverse process is likely 
to be slower and is associated with a long warming phase in which phosphate 
bond energy is used up. This stage also could be associated with the mem- 
brane substructure fluctuation. 
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The State of the Membrane Lipids 


It seems to be widely accepted that the hydrocarbon portions of the 
lipids of cell membranes are in a “liquid” state [4]. The precise meaning 
of “liquid” is by no means clear, and a variety of lines of evidence on the 
matter will now be considered. The first general consideration is that if the 
membrane is, in fact, a bimolecular lipid sheet structure, and if the interior 
of the membrane is liquid, then the tangential stability of the membrane must 
be almost entirely due to the head-group layer and its interactions with 
macromolecules, water, ions and other molecules nearby [3]. Furthermore, 
such a situation would impose the first limitation on the notion of the hydro- 
carbon chains as liquid in that the ends of the chain are attached to an 
exiended surface structure and cannot exhibit random motions close to the 
surface. The apparent melting points of the chains would be higher than 
those of the corresponding paraffins, for example. A second consideration 
is that if the interior is fully liquid, membrane polymorphism and other sub- 
structure transitions as may occur must also arise almost entirely from inter- 
actions within and near to the head-group layer of the lipids. Macromolecules 
would presumably exert a similar effect on this layer. The importance of 
these head-group layer interactions is obvious enough, but the lipid interior 
of the membrane can hardly be supposed as almost irrelevant to its detailed 
structural properties. On the other hand, the protagonists of a membrane 
model involving sheets of lipid micelles would be happy with a liquid interior 
for the micelles, since they must in any event move the problem of the 
membrane sheet structure to a discussion of head group interactions between 
the micelles and the macromolecular matrix. It would be tempting to extend 
Lucy’s interesting speculations |7] a stage further and suggest that the 
bimolecular leaflet form of the membrane would correspond to a more solid 
lipid interior and the micelle-form to a more liquid interior. Thus, the hypo- 
thetical lamellar-micelle transition would become a membrane phase change. 
The head-group layer interactions are quite adequate on their own to account 
for sheet-like configuration [3], and considerations other than simple morpho- 
logy must be introduced to decide on the “liquidity” of the membrane interior. 

A principal line of evidence for “liquid” chains in membrane structures 
is from X-ray studies on model lipid systems and some membranes. Luz zat i 
and co-workers |30—35] have made an extended X-ray crystallographic study 
of the liquid-crystalline phases of soaps and other amphiphiles and have 
concluded that the chains in the liquid crystals are liquid-like. One piece 
of evidence is the existence of a broad X-ray band similar to that found 
for liquid paraffins and corresponding to a short spacing of about 4.5 A. In 
addition, the negative temperature coefficient of the long spacings of smectic 
phases is interpreted as arising from rubber-like entropy effects of coiled 
liquid chains. So far as short spacings in biological membranes are concerned, 
Finean [36] has measured short spacings and reports a diffuse band at 
4.7 to 4.9A for myelin sheath. This again has been interpreted tentatively 
in terms of loose irregular packing [4]. 

Recently Segerman has called into question Luzzati’s interpreta- 
tion of liquid-crystalline phases [37]. In particular he has shown that in the 
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anhydrous neat phase of sodium myristate, a fibre diffraction pattern reveals 
clusters of reflections predictable from a crossed-chain chain-packing sub- 
cell. The powder diagram to be expected from this ordered structure is 
virtually identical with Luzzati’s powder diagrams. Thus the existence 
of a diffuse band in the region of 4.5A in a powder diagram is not proof of 
highly random liquid arrangements of chains but can quite well correspond 
io rather ordered chain packing associated with substantial fluctuations of 
the chains. The 4.5 A band for liquid paraffins can be interpreted as result- 
ing from rather regular packing of the chains in an extended form, and such 
an arrangement seems on other grounds probable [for accounts of the some- 
what conflicting spectroscopic, thermodynamic, X-ray and other evidence 
see references 4, 37, 38 and 42). Segerman goes on to give a detailed 
account of the temperature coefficients of the long spacings and other features 
of liquid crystalline arrangements in terms of a variety of permitted chain 
packings at angles depending on the temperature, without denying con- 
siderable motion and disorder. His account covers the facts to date and 
remains to be tested in detail, but it does give a comprehensive alternative 
description of chain packing in liquid crystals. It seems to the present author 
that the balance of evidence is against the idea of randomly coiled-chains 
of lipid molecules in the surface layer of the liquid-crystal units or mem- 
branes. The chains will be rather straight and will exhibit a high degree of 
ordered packing, whilst at the same time being liquid to the extent of chain 
rotation, gauche-trans and other packing disorders. Changes in packing 
configuration would give rise to the DTA results mentioned earlier 
and would depend on the precise composition of the membrane 
or liquid-crystal systems. If this point of view is sustained, then 
the interior of a biological membrane will be more in the nature of 
a semi-solid than of a random liquid, and sub-structure transformations will 
depend to a high degree on the packing configurations of the mixed lipid 
hydrocarbon moieties. It will also be observed that a “semi-solid” packing 
of chains will act as an extra stabilization of sheet structures and makes 
meaningful the discussion of structured lipid complexes in membranes of 
the kind proposed by Vandenheuvel [45]. 

An obvious line of experiment to elucidate the problem is to make a 
closer and wider study of the short-spacings in X-ray diffraction of mem- 
branes. Se german [40] has recently examined the X-ray diffraction of air- 
and freeze-dried B. megatherium protoplast membranes and finds for both 
preparations two bands at 3.4-3.6A and 3.9-4.6A at room temperature. 
B. megatherium protoplasts are about one fifth lipid, mainly phosphatidic 
acids and neutral fat |41]. It is likely, but not proven, that the X-ray bands 
result from the membrane lipid. However, no diffuse band centred on 4.5 A 
was found, and the membrane lipid is thus apparently rather structured. 
A limited X-ray study of this and other membranes as a function of tem- 
perature is now in progress. 

The effect of varying the hydrecarbon portions of membrane lipids on 
the “liquidity” or “packing” of the membrane interior can be judged from 
a mass of published data on melting points, monolayer studies, solubilities 











154 B. A. Pethica 


and related properties for saturated chain lipids, cis and trans unsaturated 
lipids, sterols etc. [see particularly 4, 24 and 42]. A recent monolayer study 
of a range of saturated and cis and trans unsaturated phospholipids shows 
that the behaviour of the films is much as would be expected from the 
properties of the fatty acid monolayers [46]. 


The Role of Water 


Waiter is a sine qua non of biological activity as we know it, and yet the 
precise function of water remains vague. The technology of dehydration 
of biological material is confined by the irreversibility of dehydration pro- 
cesses, which are themselves little understood. The study of liquid water 
itself has become a popular and complicated activity [47], and its inter- 
actions with solutes and colloids is becoming a little clearer. The fact remains 
that “water”, like “hydrogen-bonding”, is often invoked as a catch-phrase 
when other explanations fail. Where the physical ground is reasonably 
secure, useful biological conclusions have been drawn in some areas—notably 
by Nemethy and Scheraga on hydrophobic bonding in proteins 
|48, 49]. In this laboratory we are engaged in a wide physical study of water, 
ranging from statistical thermodynamics [50] and spectroscopy [51] to its 
role in colloid stability [52, 53]. Some biological systems are also being 
investigated [53]. Results to date, particularly by Raman and N.M.R. 
spectroscopy, have been informative on the interaction of water with dis- 
solved and micellar lipids, as described at this conference [54]. At this time 
the chief need is for consolidation of N.M.R. and colloid studies on well char- 
acterized models, without which interpretation of N.M.R. measurements on 
biological systems can only remain qualitative. As is so often the case, the 
physical scientist is obliged to examine his own tools when he visits the 
biological workshop. 

The author has pleasure in thanking Dr. H. J. van den Berg of 
Philips Research Laboratories, Eindhoven, for a helpful and enjoyable cor- 
respondence on the subject of membranes. 


Summary 


With the concept of the unit membrane as a central theme, a number of 
current problems for the theory of membrane structures are discussed from 
the point of view of the physical chemist. In view of the wide variety of 
chemical compositions of membranes, some current opinions of the forces 
maintaining the integrity of membranes are of limited generality. The 
thermodynamic status of the membrane is discussed, and it is suggested that 
the new “small-systems” thermodynamics can be usefully employed as a 
conceptual basis for discussing fluctuations and “phase-changes” in mem- 
branes. Arguments are given to suggest that the lipid interior of membranes 
is more ordered and “crystalline” than is currently supposed. The role of 
water in membrane structures remains an enigma. 
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On the Lipid Composition of Membranes 
By 


L. L. M. van Deenen 
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The lipid content of membrane preparations isolated from different 
origins has been demonstrated to vary from 30% to 75% on a dry weight 
basis. Depending on the procedure utilized for the preparation of red cell 
ghosts, this membrane was found to contain either 30% or 50% lipids, 
cholesterol and phospholipids, which together account for over 80% of the 
total lipids. Although some differences in the proportion between cholestero] 
and phospholipid are apparent among erythrocytes of different mammalian 
species, in general this ratio tends to be close to unity. The phospholipids 
consist of sphingomyelin, phosphatidyl choline (lecithin), phosphatidyl 
ethanolamine and anionic phosphoglycerides, e.g. phosphatidyl serine and 
small amounts of phosphoinositides. Apart from the diacyl analogs, in some 
erythrocyte membranes considerable amounts of plasmalogens, and saturated 
glyceryl ether phospholipids are present as well. As regards the lecithin 
content, significant differences are known to exist among erythrocytes of 
different animals, but in general a low content of choline phosphoglyceride is 
compensated by an increased level of sphingomyelin having an identically 
charged head group. Although the lipid core of many animal membranes 
has a net negative charge, the abundance of choline-containing phospholipids 
appears to maintain the density of anionic charges at the surface of the 
lipid layers between certain limits. However, in a number of membranes 
the negatively charged phospholipids may dominate. Staphylococcus aureus 
harvested from a medium at pH7 contained as a major phospholipid the 
anionic phosphatidyl glycerol, while an appreciable quantity of diphos- 
phatidyl glycerol was also present. Whereas the usual zwitterionic phospho- 
glycerides were lacking in this bacterium, a third phospholipid constituent 
appeared to be identical to an O-lysine ester of phosphatidyl glycerol. The 
relative quantity of this lipid was found to be increased most significantly 
when the pH of the medium attained a value of about 48, as it did following 
the fermentation of added glucose. Such changes in the phospholipid pattern 
were apparent 30 minutes after alteration of the pH of the medium. This 
versatility of bacteria has been utilized to prepare protoplasts of Bacillus 
megatherium, which have differently charged lipids in the membrane, thus 
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giving opportunities to investigate the possible implications of the chemical 
make-up of the phospholipids in regard to the properties of these mem- 
branes. 

The hydrocarbon chains of membrane lipids reveal a bewildering varia- 
tion in their chain length number and in the position of double bonds. In 
addition, branched chains, hydroxy-substituted and cyclic structures add to 
the overwhelming divers‘ty of the apolar region of the membrane. Not only 
biogenetic differences be. een animals, plants and microorganisms but also 
environmental influences are clearly reflected in the membranes concerned. 
Many physico-chemica! characteristics of polar lipids depend in great measure 
upon the chemical make-up of these side-chains. Experiments with mono- 
molecular films of synthetic phosphoglycerides containing defined fatty acids 
at a given position demonstrate the effects of chain-length and unsaturation 
upon the alignment of the lipid molecules at the air-water interface. The 
size and shape of micelles of synthetic phospholipids in aqueous dispersions 
appear to be highly dependent on the nature and the position of the fatty 
acid constituents. Comparisons with natural components are now facilitated 
by the recognition and quantification of the numerous molecular species 
present in an isolated phospholipid class. Although some differences have 
been demonstrated between phospholipids from different animal membranes, 
in general these compounds furnish liquid-expanded films at the air-water 
interface, the force-area characteristics of which exhibit a certain degree of 
similarity. The non-random distribution of saturated and unsaturated fatty 
acid constituents in many natural phosphoglycerides appears to contribute 
significantly to this feature. Several observations enforce the conclusion that 
nature eloquently maintains the liquid-expanded character of phospholipids 
in a number of membranes. In erythrocyte membranes dietary effects on the 
fatty acid patterns, though significant from a chemical-structural point of 
view, appear to be confined to a number of interchanges which limit the 
effects on the properties of the membrane. In several micro-organisms a 
replacement of unsaturated fatty acids by either saturated fatty acids of 
medium-chain-length or by branched or cyclopropane fatty acid constituents 
appears to supply the physical properties desired. 

With respect to the behavior of monomolecular films of total lipids from 
membranes containing considerable amounts of cholesterol it is well estab- 
lished that the liquid-expanded character of these films is significantly 
reduced by the rigid sterol molecule. The association between cholesterol 
and phospholipids has now been studied with the aid of synthetic phospho- 
glycerides; the results demonstrate that at the air-water interface the inter- 
action involves mainly London-van der Waals forces. In order to obtain 
a reduction of the molecular area of the phosphoglyceride, a minimal fatty 
acid chain-length appears to be required, while maximal effects are observed 
in mixed films containing as phospholipid partner compounds carrying satu- 
rated fatty acids of medium chain length or monounsaturated hydrocarbon 
chains. Although compatible with the idea that in natural membranes the 
presence of sterol may limit the bending of the hydrocarbon chains, thereby 
attaining a more rigid packing of the lipid molecules, these model experi- 
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menis may not supply adequate information about the structural significance 
of the conspicuous differences in sterol content among various membranes. 

In most membranes the lipids can be considered to be subject of metabolic 
reaction and other dynamic events. Even in the red cell with its limited bio- 
synthetic capacities the lipid core certainly is not an inert structure. The 
cholesterol is rather loosely bound into the membrane and is known to 
exchange rapidly with serum lipoproteins. Wheras the phospholipids are 
also a more strongly bound part of these components, depending perhaps 
on their location in the membrane, they appear not to escape from exchange 
processes with the environment. Furthermore, erythrocyte ghosts have been 
demonstrated to incorporate fatty acids into phosphoglycerides and three 
different conversions of lysolecithin have been detected. Combinations of 
exchange processes and enzymatic reactions may be involved in the renewal 
of the phospholipid constituents in the circulating red cell as well, and the 
dynamic behavior of the lipids may enhance the flexibility of the cell 
envelope. 

It seems likely that differences in the chemical make-up and in the magni- 
tude of dynamic behavior of the lipids may contribute to a certain extent 
to variations in some properties of membranes and in their susceptibility to 
drugs. 
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It is well-known that the myelin sheath originates by the spiral winding 
of the satellite cell cytoplasmic membrane around the nerve axon. Thus, 
myelin is essentially a membrane, and its components are truly membrane 
constituents. Since proteolipids are one of the main constituents of myelin, 
and account for the major part of its protein, it is clear that a discussion of 
proteolipids is relevant to the subject of the interrelationship between lipids 
and proteins in membranes. 

Proteolipids 


The name proteolipids was introduced to designate substances consisting 
of a protein moiety and a lipid moiety and characterized by a complete 
insolubility in water and solubility in some organic solvents, especially in 
chloroform: methanol mixtures. The name is intended to emphasize that 
proteolipids are lipoproteins which behave like lipids. 


Historical 


The original observation that led to the discovery of proteolipids was 
that chloroform: methanol extracts of brain, presumably freed of non-lipid 
material by water washing, contained protein material [1]. The protein 
material could be obtained by simply taking to dryness the extract, and 
extracting the residue with chloroform: methanol. Apparently in the course 
of drying the protein underwent some rearrangement that resulted in the loss 
of its original solubility in chloroform: methanol. As a consequence, the 
protein remained as an insoluble residue. It contained 14% N, 1.75% S and, 
after acid hydrolysis, 91% of its nitrogen could be recovered as free amino 
acids. lis amino acid composition revealed a preponderance of monoamino- 
monocarboxylic acids, a high concentration of methionine and cysteine (or 
cystine) and a relatively small concentration of acidic and of basic amino 
acids. 

Distribution of Proteolipids 


Although especially abundant in nervous tissue, proteolipids are also 
found in a wide variety of animal and vegetal tissues. Bovine tissues contain 
the following amounts of proteolipid protein (mg/g tissue weight): heart, 3.5; 
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kidney, 2.0; liver, 1.6; lung, 0.95; uterus, 0.6; biceps, 0.4. In spinach chloro- 
plasts they represent 2-4% of dry weight [2]. These values are only indica- 
tive because the yields obtained may have been incomplete. 

In the nervous system, proteolipids are found at highest concentration 
in white matter (20-25 mg/g wet tissue) and at about 1/5 this concentration 
in gray matier. They are present in peripheral nerve at only 1/20 to 1/se the 
concentration in white matter [3], which may well indicate a qualitative 
difference between peripheral and ceniral myelin [4]. They are absent from 
fetal brain and their appearance and progressive accumulation is concurrent 
with myelination [5]. In the central nervous system, the concentration 
decreases progressively from cerebral white matter, to spinal cord white 
matter, with cerebellar white matter showing an intermediate value. In 
spinal cord itself, their concentration appears to decrease in the antero- 
lateral columns from rostral to caudal levels, while no such gradient is found 
in the posterior columns. The anterior and posterior spinal roots contain 
proteolipids at concentrations intermediate between spinal white matter 
and peripheral nerve [6]. 

On the basis of all these observations it had been assumed that in the 
central nervous system, proteolipids were, in part, myelin components. In 
other tissues, they have been traced io mitochondria, at least in part. 


Study of Central Myelin 


The assumption that proteolipids are indeed myelin constituents has been 
confirmed by the study of isolated myelin. It has been found that isolated 
myelin is essentially completely soluble in chloroform: methanol, i.e., that its 
proteins are proteolipid protein by definition [7]. However, it has been 
found that the proteolipids thus obtained from myelin comprise not only 
the classical proteolipids, but also the antigen of experimental allergic 
encephalomyelitis [8] and, presumably, the classical neurokeratin. In sum- 
mary, one or more myelin proteins, which are not extracted with chloroform: 
methanol from intact white matter, are thusly extracted from isolated myelin. 
The occurrence of these “extractability” differences is borne out by the 
observations that the sum total of proteolipids extracted from subcellular 
fractions from white matter is between 156 and 175% the amount of proteo- 
lipids extracted from intact white matter [9], and that myelin proteins can 
be separated into two or more fractions, only one of which corresponds to 
classical proteolipids [10]. 


Purification of White Matter Proteolipids 


Hitherto proteolipids have been obtained from tissue only by extraction 
with chloroform: methanol. From the extracts thus obtained, proteolipids 
have been prepared in various states of relative purity by the “fluff” method, 
by emulsion-centrifugation, by dialysis, or by chromatography. 

The “fluff” method [i], the one originally used for the preparation 
of proteolipids, is based on the tendency of proiteolipids to concentrate at 
interfaces. The chloroform: methanol extract is allowed to equilibrate with 
at least five-fold its volume of water; a biphasic system consisting of a chloro- 
Protoplasma, LXIII/1—3 11 














162 J. Folch-Pi 


formic phase and an overlying water-methanol phase is eventually obtained. 
The proteolipids are in part concentrated at the interface as a fluff, and, in 
part, in the chloroformic phase. By further handling, proteolipids A and B 
are obtained from the fluff, and proteolipid C from the chloroformic phase. 
The preparations contain from 20 to 70% protein and are, otherwise, purely 
operational concentrates of proteolipids. 

The emulsion-centrifugation procedure [11] is based on the 
difference of density between free lipids and proteolipids. An emulsion of 
the total solutes recovered from the chloroform: methanol extract is sub- 
mitted to centrifugation under conditions that result in the proteolipids 
collecting quantitatively in the sediment. This sediment is then submitted 
to solvent fractionation. The final product is a preparation containing 
60--70% protein and accounting for essentially all of the tissue proteolipid. 
The lipid moiety consists of phosphatidyl] serine, polyphosphoinositides and 
small amounts of other lipids, i.e., it consists mainly of acidic lipids. 

In the “dialysis” method [12] proteolipids are separated from free 
lipids by dialysis in organic solvents. The product contains 70-80% protein 
and is otherwise similar to the product obtained by emulsion-centrifugation. 
The method was first applied successfully to the preparation of heart proteo- 
lipids [13]. 

From emulsion-centrifugation proteolipids, three or four fractions of 
proteolipids can be obtained by chromatography on silicic acid, with elution 
by solvent mixtures of increasing polarity [13]. All these fractions appear 
to have the same chemical composition, consisting of over 95% protein, and 
of triphosphoinositide as only, or main lipid. The different fractions show 
patterns indistinguishable from each other. The last fraction, which is eluted 
from the column with chloroform: methanol acidified with HCl to 0.04.N 
concentration, shows solubility properties slightly different from those of the 
starting proteolipid mixture. 


Properties of Proteolipids 


All these proteolipids preparations are soluble in chloroform: methanol 
mixtures with varying amounts of water. They are insoluble in water. In the 
biphasic system chloroform: methanol: water 8 : 4:3 (v/v/v), they will con- 
centrate quantitatively in the chloroformic phase, with the exception of the 
acid-eluted chromatographic fraction, which shows a 4:1 distribution in 
favor of the chloroformic phase. 

The proteolipids are resistant to the action of pepsin, trypsin, papain and 
erepsin. They are attacked by pronase. 


Proteolipid Protein 


It has been isolated as an insoluble material by drying from solutions 
in biphasic systems [1] or by exposure to alkaline pH’s at certain ionic 
strengths [14]. At pH8 or 9. proteolipids can split, with liberation of free 
lipids, and of protein, as an insoiuble material, provided the medium contains 
ions at sufficient concentration. At pH 8.8, between ionic strengths 0.001 and 
1.0, the proportion of proteolipid split is proportional to the logarithm of the 
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ionic concentration; this fact suggests that the mechanism of splitting is 
by ionic competition. 

These insoluble proteolipid proteins consist of protein with varying 
amounts of lipids. The lipid content can be reduced by extraction with 
chloroform: methanol; the lipid most firmly bound to the protein appears 
to be a polyphosphoinositide. It can be removed with chloroform: methanol 
acidified with HCI to 0.04.N concentration [15]. 


Water-soluble Proteolipid Protein 


If proteolipids are dialyzed in chloroform: methanol containing HCl to 
0.04 N concentration, and then the composition of the outer phase is slowly 
changed to pure water by gradually decreasing the organic solvent content 
of the successive outer phases, the retentate is found to consist of protein 
essentially free of lipids [16]. This preparation has an amino acid pattern 
indistinguishable from that of the starting proteolipids. It is soluble in 
acidified aqueous solutions and in chloroform. Apparently it is the result of 
a conformational change of the original proteolipid protein. The dramatic 
change in solubility properties is concomitant with the removal of triphospho- 
inositide [17]. 


Organization of the Proteolipid Molecule 


Although no complete model of the proteolipid molecule can yet be 
formulated, it is clear that the lipids in proteolipids exist in different types 
of binding. Triphosphoinositide is almost certainly bound by an electrostatic 
bond. Other lipids, mainly phosphatidylserine, are bound by ionic linkages 
which can be dissociated by ionic competition. Finally, other lipids must 
be bound by more labile types of association. Of these three types of bonds, 
the first two most likely occur in vivo, while the third type most likely 
represents in vitro associations. 

The peculiar solubility properties of proteolipids, which remain unchanged 
even when the lipid content is reduced to 5% or less, must be explained 
in terms of the protein moiety. Since the proteolipid molecules must present 
a non-polar surface, a tertiary structure must be postulated which would 
bring to the surface the non-polar groups of the amino-acids, while retaining 
their polar groups in the core of the molecule. A possible structure would 
involve the stabilization of a particular conformation by triphosphoinositide 
which, being a polyanion, could combine with the cationic charges of the 
protein, thus orienting them towards the core of the helical structure and 
leaving an outer surface occupied mainly by non-polar groups. The release 
of triphosphoinositide concomitantly with the transformation of proteolipid 
protein to a water-soluble form would be in favor of this explanation. 
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The amorphous state is a borderline state of matter between micelles, 
which are thermodynamic equilibrium systems in which concentrations of 
single molecules are in equilibrium with a molecular aggregate, and solid 
crystal structures. These amorphous systems have a high surface entropy 
owing to the disordered molecular arrays in their structure. This disorder 
can be produced by simple shear grinding of water-insoluble crystals, spray- 
drying under vacuum of solutions of the crystalline form or coprecipitation 
in water of associations consisting of large polar and non-polar oppositedly 
charged surfactants, such as alkyl sulfates and alkyl substituted amines. 

In the case of aescin, a saponin of M.W. 1144, M.P. 224°C, the amorphous 
form is absorbed by the intestine, whereas the crystalline form or the sodium 
aescinate taken per ora are not. By intravenous injection all three forms, 
crystal, salt and amorphous, gave similar biological reaction as measured by 
the change in swelling of an artificially induced oedema on a rat foot. 

The aggregates of amorphous aescin in water were studied by means 
of light-scattering and electron microscopy and were found to be spherical 
and to grow in size by agglutination from micellar dimensions of 50 A to 
5000 A without crystallizing. Nucleation to crystals of different type from the 
original form can be initiated by the presence of extraneous ions; or the 
growth can be stabilized by the addition of hydrogen bond breakers such 
as urea and glucose, by charged surface active agents such as alky] sulfates 
or quarternary ammonium compounds, and hydrotropic agents such as 
sodium sorbate. C.M.C. has been observed for the amorphous systems. 
The amorphous aggregates are more surface active than the molecular 
crystalline structures and show greater penetrability into cholesterol mono- 
layers. Surface pressure-area per molecule curves indicate that the amorph 
and crystal may have different molecular configurations and activity. 
It is theorized that the crystal lattice structure is broken down by the 
disordering effect of grinding, exposing hydrophilic groups which allow 
penetration by water molecules. The disordered aggregates can thus be 
readily water-dispersed and can subsequently agglutinate and stick together 
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due to the driving force of surface tension reduction and the hydrogen 
bonding capacity of the hydroxyl group on the sugar portions of the 
molecule. 

It is only the aqueous-swollen low density (0.6 compared to 1.5) amorphous 
aggregates that penetrate the intestinal membrane and not the high density 
crystalline aggregates of the same size. The implications of the amorphous 
state and the concomitant higher surface entropy for penetration into mem- 
branes are evident. The concept of negative interfacial tension at the liquid/ 
membrane interface can be invoked to explain the membrane permeability, 
since maximum capillarity would exist at the interfacial tension minimum. 


Types of Aggregates Micellar Size 


Three types of micellar aggregates can therefore be shown to exist by 
light scattering experiments and electron microscope direct-vision (no 
staining): 1. True micelles consisting of molecular aggregates in equilibrium 
with a molecular concentration. As this concentration diminishes the micelles 
immediately disappear and appear reversibly (e.g., sodium aescinate in water 
at C.M.C.). 2. Molecular aggregates of the same size and molecular weight 
as 1), in no equilibium with molecules in solution. These will agglutinate and 
grow in size to dimensions of 3500 A before crystallizing but can be stabilized 
by surface charging or hydrogen bond breakers. These micelles have no 
crystal order and are amorphous as seen in the X-ray diagram. The polar 
groups are orientated towards the aqueous phase. 3. Similar aggregates of 
micellar size in which there are again few molecules in the aqueous phase 
but which are of crystalline structure as seen in the X-ray diagram with the 
non-polar portions of the molecules, in contrast to 2., orientated towards 
the aqueous phase. These systems must have charging molecules such as 
potassium sorbate to stabilize and prepare them, e.g., crystal aescin + K 
sorbate dispersed in water. These aggregates do not grow with time. The 
crystals readily disperse in ethyl alcohol, while the amorph aggregate micelles 
do not, in contrast to their behaviour in water. Only case 2. aggregates 
penetrate through the intestinal membrane. The mechanism proposed is 
that of molecular-induced solubility into the membrane by the negative 
interfacial tension at the swollen amorphous particle/membrane interface. 
The molecules, which are driven through the lipid-bilayer by the negative 
free energy or capillary forces, can now further proceed down the inside 
of surface layer of the microvilli to the base of the structure by means of 
surface spreading forces that exist between the inside bilayer surface and 
bulk contents of the microvilli. Evidence of their reassembly there can be 
seen as emulsion droplets in the intestinal cell, in the case of fat absorption. 


Mechanism of Membrane Permeability with Surface Forces 


This work emphasizes the surface energy terms in the chemical and electro- 
chemical potential terms in the total energy of the system as possible (surface 
entropy and surface tension) sources of energy to transport materials through 
membranes or cell structures in contrast to the bulk energies as hitherto 
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used in membrane transport phenomena. Willard Gibbs _|{] gave 
the following equation for the interfacial tension at the solid/liquid interface 


dysjp = —SdT — Ieduz — I'gdys — Yuedy—ete. 


where ys/,= solid-liquid interfacial tension (which may be either positive 
or negative). 


oa 

S = surface entropy, I’ =surface excess of components 2-3 etc., 
e = surface charge, y = electrical potential (surface potential), 
# = chemical potential terms, 7'— temperature. 


An example can be given applying these concepts to the fat absorption 
mechanism in the duodenum. It is suggested that the monoglycerides produced 
by enzymatic breakdown of fat in the intestine form disordered aggregates 
of micellar size with the glycerol group orientated towards the aqueous phase. 
The micelles are stabilized by the bile salts, similar to the potassium sorbate 
stabilizing the amorphous aescin aggregate of micellar size. The bile salt 
molecule would be hooked into the monoglyceride aggregate by the hydrogen 
bonding between the three hydroxyl groups around the terraced bile salt 
ring system and the hydroxy] groups attached to the glycerol moiety of the 
monoglyceride molecule. This arrangement enables the monoglyceride mole- 
cular aggregate to be stabilized by the negatively charged SO§ group on the 
taurin portion of the bile salt, which is orientated outwards to the aqueous 
phase. These disordered aggregate assemblies are freely dispersible in water. 
Owing to their size they will give optically clear systems, similar to the 
amorphous aescin K sorbate structures, and will adhere to the surface of 
the microvilli. The negative interfacial free energy will force the molecules 
into the lipoid bi-layer surface of the microvilli by a capillarity mechanism. 
Soap molecules can form hydrogen bonds with the hydroxyl groups around 


ie 
the bile salt molecule by the following interaction: ie = 0--H-O-| 


Fatty acids will, on the other hand, form ion-dipole associations with the 
—SO3 ionic group similar to those formed by fatty alcohols. In the latter 
case the associated fatty acid dipole acts like an OH group, similar to fatty 
acid-soap 1:1 associations. It is hoped by comparison of these systems of 
aescin and fat in the absorption of disordered aggregates of micellar size 
through the intestinal membrane we may eventually formulate mechanisms 
based on surface chemistry in order to explain membrane permeability 
phenomena in general. 
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Monomolecular Films at Saline/Fluorocarbon Interfaces 
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Biologisis concerned with the structure and function of cellular meim- 
branes have often obtained useful ideas and pertinent information by 
studying the analogous physical and chemical properties of phosphatide and 
lipoprotein films. Generally, the properties of films at aqueous/air interfaces 
are investigated, while very few parallel experiments are carried out at 
aqueous/oil interfaces. In the former case the van der Waals interactions 
between the fatty acid chains of the phosphatides are considerable; in the 
latter case, these interactions are markedly reduced. As indicated by 
Davies and Rideal [1] additionai information concerning the inter- 
molecular forces among molecules comprising monomolecular films can be 
obtained by studying both experimental situations. This preliminary report 
summarizes some measurements on pure and mixed films of phosphatides 
spread at aqueous/air and aqueous/fluorocarbon interfaces. The latter system 
has the additional advantage in that the behaviour of living cells in contact 
with the monomolecular films can be observed. 

Although several different fluorocarbons have been used as the “oil” phase, 
the experiments described in this report are limited to the perfluoroamine 
[(CaF9)sN]. This fluorocarbon has the following properties at 25°C: color- 
less, density of 1.9g/c.c., viscosity of 2.8 centistokes, surface tension of 
16 dynes/cm, refractive index of 1.29, inertness to attack by most chemical 
reagents, chemical and physical stability, and very low solubility for most 
materials except other fluorinated compounds. Water and most alcohols 
are insoluble in this fluorocarbon, while chloroform has a solubility of 
5.4 ¢/100 c.c. The aqueous phase used in these experiments consists of various 
balanced salt solutions whose ionic strengths were maintained at 0.154 with 
a pH of 68 at 25°C. Measurements have been made of the surface pressure 
of monomolecular films as a function of the composition of the saline phase, 
composition of the monolayer and average area per molecule of the mono- 
layer. The monolayers were spread at the interface using highly distilled 
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chloroform as the solvent and spreading agent. The solvent itself was first 
tested at the interface for the presence of impurities that might affect the 
surface pressure. For the experiments described in this report, L—a—di- 
palmitoyl lecithin (synthetic) was used in pure form or mixed in various 
molar ratios with cholesterol, testosterone or progesterone. 

At the saline/air interface with a surface tension of 72 dynes/em the 
presence of increasing quantities of lecithin increases the surface pressure, 
and film coilapse occurs at an average area per molecule of 38—40 square 
angstroms and a surface pressure of 45 to 55 dynes/cm. The force-area curve 
characterizes a “semi-condensed film,” the surface pressure remaining low 
until the area available per molecule is less than 80 square angstroms. The 
introduction of cholesterol in increasing molar ratios to form a mixed film of 
lecithin/cholesterol transforms the monolayer to an even more “condensed 
film”. Thus, as the molar ratio of cholesterol to lecithin is increased the 
average area per molecule is reduced for the same surface pressure or the 
surface pressure increases for the same average molecular area. De 
Bernard [2] has described similar results earlier, and Willmer [3} 
has interpreted these observations as resulting from a more compact packing 
arrangement of the molecules. Examination of the average area per molecule 
as a function of the molar ratios of lecithin and cholesterol suggests that 
more efficient packing may occur at the lower surface pressures, but for 
highly condensed films exerting high surface pressures such may not be 
the case. 

At the saline/fluorocarbon interface the measured interfacial tension is 
52 +1 dynes/cm. With increasing quantities of lecithin the surface pressure 
increases and film collapse occurs at an average area per molecule of 39-40 
square angstroms and a surface pressure of 38 dynes/cm. The force-area 
curve characterizes a “liquid-condensed film,” the surface pressure increasing 
somewhat rapidly when large areas available for each molecule are reduced. 
The pressure begins to rise steeply as the area is reduced below 60 square 
angstroms. A point of interest is the development of surface pressures of the 
order of 5—10 dynes/em when small aliquots of lecithin are spread at the 
interface, and the average area available per molecule is large. The cause for 
this initial build-up of surface pressure is not clear and does not appear to 
have resulted from the presence of a contaminant. Again the introduction 
of cholesterol in increasing molar ratios to form a mixed monolayer trans- 
forms the film to a more condensed one. For the same surface pressure, this 
contraction of the monolayer due to the presence of cholesterol is even more 
striking than that observed at the saline/air interface and may result from 
the greater ease with which the molecules of the mixed film can rearrange 
themselves at the saline/fluorocarbon interface where the van der Waals 
interactions are reduced. This decrease in the cohesive van der Waals inter- 
actions can lead to an important complication that must be taken into 
account. Cholesterol is not strongly bound to the fatty acid chains of the 
phosphatides, and small amounts can readily pass into solution in the fluoro- 
carbon phase. This movement of cholesterol and methods for reducing it are 
discussed in greater detail below. 
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Similar transformation of lecithin monolayers between liquid and con- 
densed phases can be brought about at saline/air and saline/fluorocarbon 
interfaces by altering the sodium, calcium, chloride and phosphate con- 
centrations in the saline phase while keeping the ionic strength constant. 
These expansions and contractions of the monomolecular film are far more 
evident at the saline/fluorocarbon interface where the cohesive van der Waals 
forces are reduced. If calcium and phosphate ions are substituted for sodium 
and chloride ions of the saline phase, either lecithin or cholesterol monolayers 
will be expanded for constant surface pressure. This expansion can be con- 
siderable at fairly low values of surface pressure and can be reversed by 
removal of the calcium and phosphate with chelating agents. The under- 
lying causes for film expansion in the presence of fairly high concentrations 
of calcium and phosphate are not clear. It appears reasonable to presume 
that individual ions are ionically bonded to the phosphocholine chains of the 
phosphatides and that a lattice complex is formed leading to expansion of 
the monolayer. This presumption is strengthened by the fact that the degree 
of film expansion increases as the ionic product of the calcium and phosphate 
ions approaches the solubility constant. The phenomenon requires further 
investigation and clarification. Possibly related is the observation that the 
ease with which cholesterol will transfer from a mixed lecithin/cholesterol 
monolayer into the fluorocarbon phase is markedly reduced if the saline 
phase contains high concentrations of calcium and phosphate ions. Even 
though the film undergoes expansion for constant surface pressure (or equi- 
valently the surface pressure increases for constant average molecular area), 
the cholesterol molecules are bound more tightly in the mixed film presumably 
by the lattice complex. Experiments with C14-labelled cholesterol show that 
approximately 5% of the cholesterol is leached out by fluorocarbon when 
the saline phase consists of sodium chloride, whereas 2% is leached out when 
the saline phase consists of sodium mono-H phosphate and calcium chloride 
of equal ionic strength. 

Experiments with mixed films of lecithin/testosterone and _lecithin/ 
progesterone at the saline/air interface demonstrate effects similar to those 
observed with cholesterol. The introduction of progesterone or testosterone 
results in condensation of the monolayer at constant surface pressure. 
Attempts to reproduce these experiments at saline/fluorocarbon interfaces 
have not been successful, since these hormonal agents pass far more easily 
into the fluorocarbon phase than cholesterol, even when calcium and phos- 
phate are present in the saline phase. 

The significance of the above observations is not fully understood. Ex- 
pansions and condensations of monomolecular films have been known to 
result from changes in pH, the presence of surface active agents, protein 
adsorption, narcotic agents, and certain toxic and lytic agents. The experi- 
ments described in this paper further demonstrate the reversible expansions 
and condensations of monomolecular films, the ease with which cholesterol 
and certain hormones may transfer to and from the film and the marked 
sensitivity of intermolecular interactions among the film molecules to the 
presence of sterols and certain ions. These observations suggest mechanisms 
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for dynamic changes within biological membranes observable as changes in 
area and/or surface pressure. The relative ease with which certain sterols 
transfer to and from phosphatide monolayers indicates a need for similar 
studies on biological membranes. Recent experiments of Zilversmit [4] 
have also shown that cholesterol is easily removed from lipoproteins. 

As indicated at the beginning of this report, the construction of these 
mixed monolayers at saline/fluorocarbon interfaces also provides a method 
for observing the behavior of living cells in contact with controllable mono- 
molecular films. In a sense the mixed monolayer represents one half of a 
bimolecular leaflet. Its composition can be accurately predetermined and its 
properties measured. Proteins and other macromolecules can be adsorbed 
to the monolayer, and properties of the complex have been studied. As 
discussed elsewhere [5, 6, 7] the living cell can be shown to microassay this 
synthetic membrane in that the spreading behavior and morphology of the 
cell are sensitive to the composition, packing arrangement and charge distri- 
bution of the monomolecular film. 
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One approach which has been of significant value in studies of the struc- 
ture and function of biological membranes is the isolation of some of these 
individual membrane systems by sub-cellular fractionation as a prelude 
to their further characterization. Although a considerable amount of informa- 
tion is now available concerning the structure and properties of nuclei, mito- 
chondria and endoplasmic reticulum, much less is known of the properties of 
isolated plasma membrane, due mainly to difficulties in the preparation of 
this membrane system. 

Neville (1960) has designed a procedure for the isolation of plasma 
membranes from rat liver. This method, as modified by Emmelot et al. 
(1964) was used in the present study for the isolation of plasma membranes 
from liver, kidney and small intestinal mucosa of the guinea-pig. The 
properties of these isolated membranes have been compared with one another, 
with the cells of the tissue of origin, and with the plasma membrane systems 
of erythrocyte ghosts and nerve myelin. 

Many of the features of the plasma membranes in the intact tissue have 
been identified in these preparations, notably areas of microvilli and paired 
membrane linked by desmosomal regions. The isolated membranes 
were examined for succinic dehydrogenase, glucose-6-phosphatase and 
DNA. These were present but only in varying small amounts, an 
indication (after comparison with levels in the original tissue homo- 
genate) that there occurred, only slight contamination with mito- 
chondria, microsomes and nuclei. There was, however, a significant enrich- 
ment in all preparations (liver, kidney and intestine) of the specific activities 
of L-leucyl 8 napthylamidase, an enzyme previously shown to be enriched in 
intestinal brush border (Holt and Miller 1962, Hiibscher et al. 1965), 
and 5 nucleotidase, and enzyme shown to be in high concentration in rat 
liver plasma membrane (Essner et al. 1958, Emmelot et al. 1964). An 
enrichment in specific activity of alkaline phosphatase was found in kidney 
and intestinal preparations. This enzyme was absent from guinea-pig liver 
plasma membrane. Rather than appearing to be a common feature of all 
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plasma membrane systems, the elevated levels of these enzymes were not 
found in the membranes of the erythocyte ghost and nerve myelin, a fact 
which indicates a possible enzymatic difference between an “active” mem- 
brane and a membrane performing only a few highly specialized functions. 

One common feature in all the plasma membrane systems investigated 
in this study appeared to be a high molecular ratio of cholesterol to phospho- 
lipid. Extraction of washed pellets (centrifuged under conditions suitable 
to sediment microsomes) of plasma membranes and tissue homogenates with 
2:1 v/v chloroform: methanol gave lipid extracts in which the cholesterol: 
phospholipid ratio was significantly higher in every case in the plasma 
membrane than in the relevant tissue homogenate. In one plasma membrane 
system (intestinal mucosa) the observed cholesterol: phospholipid ratio was 
equal to that found for guinea-pig erythrocyte ghosts and nerve myelin. 
These results indicate, at least in the tissues studied, that a high cholesterol 
content may be a characteristic feature of the plasma membrane. 

Preliminary thin layer silicic acid chromatography of the remainder of 
these lipid extracts showed that the phospholipids of the plasma membranes 
examined in this study were qualitatively similar to those in the tissue of 
their origin. All plasma membrane extracts gave spots in positions ascribed 
io phosphatidyl choline, phosphatidyl ethanolamine, sphingomyelin and 
(phosphatidy] inositol +- phosphatidyl] serine) when chromatographed accord- 
ing to Miildner et al. (1962). 
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Liquid, “oil,” membranes in electrolytic systems have been extensively 
studied, particularly their electromotive behaviour. Nernst andRiesen- 
feld [1] considered concentration cells, c, A+L—|Membrane|c, A+L-, in which 
the electrolyte concentrations within the membrane phase at the phase 
boundaries are c:1-k and c2-k, where k is the distribution coefficient. The 
two phase boundary potentials are identical in magnitude and opposite 
in signs. Thus, the effective electromotive force of the cell is the diffusion 
potential ci -kj|ce-k within the liquid membrane. The ionic selectivities 
of such membranes, the ratio of their transmissivities for the anions over that 
for cations or vice versa, are computed from the concentration potentials. 
The latter are ordinarily low because the mobilities of most ions differ only 
within a limited range; correspondingly, the ionic selectivities of such mem- 
branes are rather limited. 

Haber and collaborators [2], particularly Be utner [3], studied cells 
in which the electromotively active ion has (essentially) the same concentra- 
tion throughout the membrane, as in solid electrolytes. The measurable 
potential is—ideally in toto—the difference between the two membrane/ 
solution phase boundary potentials. Acidic liquid membranes are responsive 
to cations in solution; basic membranes are anion responsive. Membranes 
of this type yield high concentration potentials, and it is concluded that they 
have high degrees of ionic selectivity; they also tend to have very high 
electrical resistivities. The absolute transmissivities of these membranes even 
for the nominally permeable ions are so low as to preclude permeability 
studies based on chemical analytical methods. 

Most liquid membranes have properties somewhere in between the two 
described extremes (compare the classical studies by Osterhout and 
collaborators [4]}. However, they are rather undesirable for basic physico- 
chemical studies; the relative contributions of the diffusion potential within 
the membrane and of the two phase boundary potentials to the total electro- 
motive force of the cells vary with the nature and the concentration of the 
electrolytes used. 
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Teorell did not extend his theory of ionic membranes [5] to liquid 
membranes. Meyer and collaborators, who developed this theory nearly 
simultaneously [6], made only a tentative effort in this direction [7]. Compare 
also the work of Bonhoeffer, Kahlweit and Strehlow [8]. The 
literature was critically reviewed by Michaelis [9] and more recently 
by Kahlweit [10]. 

Progress seemed to depend on the availability of membranes which would 
combine the highest ionic selectivities, independent of the nature and con- 
centration of the electrolytes used, and so high a transmissivity for the 
nominally permeable ions as to facilitate permeability studies by chemical 
analytical methods. Our goal was analogous to that reached with the “perm- 
selective” porous membranes of extreme ionic selectivity and high trans- 
missivity [11], which have facilitated various studies of biophysical interest 
(12, 13]. 

Liquid membranes of the desired characteristics can now be made [14] 
of “liquid ion exchangers.” The liquid ion exchangers are solutions, in water- 
insoluble organic solvents, of substances consisting of an ionogenic group 
which is attached to an organic molecule of proper size and configuration to 
make these compounds (mol. wt. 300-600) very sparingly soluble in aqueous 
electrolyte solutions. These liquid ion exchangers in contact with aqueous 
electrolyte solutions behave similarly to cation and anion exchange resins. 

Typical ion exchange compounds are: the secondary amine, N-Lauryl 


H R 
yee 
(trialkylmethyl) amine, CHs(CHs)10CH2—-N—C—R’ where R+R’+R’= 
| 
Rg” 


11—14 carbons with a molecular weight in the range of 353—395 (Rohm and 
Haas Company, Amberlite LA-2); analogous tertiary amines and the 
quaternary ammonium compounds; and the strong acid cation exchange 
compound dinonylnaphthalene sulfonic acid,a commercial mixture of isomers 
of MW 461 (R. T. Vanderbilt Company, New York). In liquid ion exchangers, 
contrary to the situation prevailing with solid ion exchangers, the molecules 
carrying the ionogenic functional groups diffuse freely within the exchanger 
phase, in some instances perhaps in part in the form of micelles. The di- 
electric constant, ¢, of a liquid exchanger will be between those of the solvent 
and of the solute. The ¢ of liquid ion exchange compounds can be assumed 
to be low, in most instances well below 10; those of hydrocarbon solvents are 
in the range of 2 to 3, that of nitrobenzene about 35. Thus, the « of liquid 
ion exchangers ordinarily is low. Their water content is minimal. A very 
high degree of association between the functional groups of the liquid 
exchangers and their counterions exists, and their electric resistivities are 
very high. 

The uptake by liquid exchangers of ions from adjacent solutions, that is, 
the degree of their saturation with the exchangeable species of ions in solution, 
shows regularities strikingly similar to those of solid exchangers. Weak 
base and weak acid liquid exchangers do not react to a significant extent 
with neutral solutions of strong electrolytes. They assume ion exchanger 


| 
| 
| 
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properties only in their salt forms, and this only in slightly acid or slightly 
basic solutions respectively. In other words, their salt forms hydrolyze. 
This hydrolysis depends on the pH and the nature of the counterions accord- 
ing to the Hofmeister series. Strong acid and strong base liquid exchangers 
readily exchange with neutral solutions; their degree of saturation with 
counterions is practically independent of the pH in a wide range round the 
neutral point. 

Our measurements were made in cells in which the liquid membrane 
floais on (or lies below) two solution which are separated by a glass wall 
[15]. The membranes were ordinarily 5--20%, occasionally up to 80%, solu- 
tions of ion exchange compound in benzene, toluene, nitrobenzene, etc. 

Potentiometric measurements with many of these membranes are difficult, 
in part at least due to their very high resistances. The best and most con- 
sistent results are obtained with highly loaded (80%) membranes. The 
concentration potentials in cells of the type 2c: KCI| liquid mem- 
brane| KCl ce: may reach the calculated thermodynamically possible maximum 
values within several tenths of a millivolt in a concentration range of several 
hundredths to several tenths normal. With higher and lower solution con- 
centrations and with less highly loaded membranes the potentials are lower, 
for reasons which at present are understood only in part. Compare also 
the data of Botré and Scibona [16]. 

The rates of exchange of anions and of cations, and 
thereby the ionic selectivities of the membranes, are deter- 
mined in cells 


Solution 1 Solution 2 


| 
WES os | Membrane | Bey 


in which all three liquid phases are stirred. 

Before the experiment the membranes were equilibrated with an equi- 
molar mixture of the electrolytes A+L— and B+M-—. As soon as the experiment 
proper is started, a rapid exchange between the two solutions of the nominally 
permeable species of ions occurs, A+ and B+ in the case of cation exchanger 
membranes and L— and M~ with anion exchangers. Only traces of the 
nominally impermeable ions penetrate across the membrane in the same time. 
Until a quasi-stationary state is reached under the dynamic conditions of the 
experiment, the quantities of permeable ions appearing in the two solutions 
are not necessarily strictly equivalent. For typical results see the self- 
explanatory Table 1. 

The absolute rates of exchange, ®, of the permeable ions across 
the liquid membranes are of the same order of magnitude as those across 
highly ion selective “permselective” porous membranes [11]. It might be 
added that these rates are approximately proportional to the loading of the 
membranes with ion exchange compound. Increase in the solution concentra- 
tions above a certain level does not seem to increase the exchange rate. The 
several weeks long periods necessary for analyzable quantities of the nomi- 
nally impermeable ions to show up in the opposite solutions, trace contamina- 
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tion, and the analytical difficulties do not permit numerically accurate or 
truly reproducible determinations of the leakage of these ions. 

The ratios of the permeabilities of anions over cations, that is the ionic 
selectivities of some representative anion selective membranes, are 
listed in the last two columns of Table 1. Selectivities to 400,000 were obtained 
for various anion-exchange membranes with solutions of different alkali 
salts at concentrations up to 4N. The selectivities of various cation selective 
membranes were found considerably lower. See Table 2 below. Contrary 
to the situation with porous permselective membranes, the ionic selectivity of 
the liquid membranes does not decrease with increasing concentration of the 
adjacent solutions. 


Table 1. The Rates of Movement of Anions and Cations across Some Anion Selective, 
N-Lauryl (Trialkylmethyl) Amine, Membranes and the Corresponding Ionic Selectivities of 
These Membranes in Systems c, A+L—| Membrane|c, B+M-. 



































Initial rate of movement 
| : 2 ‘ | 
Soln. 1 Membrane | Soln. 2 is in peq/em’—hour into Ionic Selectivities 
| Soln. 1 Soln. 2 | 
Ried RSM Ps Yee 
| | — Fe 
“1 AtL-|% amine | °! B+M- | OM- | Br it et- | °A* | | 
eq/L | eq/l | x 104] | x 104|. ®B+ @At 
| 
0.02 KI 2% 0.02 NaCl 8.6 17 oF 3.3 5,000 | 23,000 
1.00 KCl 20% 1.00 NaSCN| 101 24 85 9.9 42,000 86,000 
0.20 KCl 20% 0.20 NaSCN| 42 26 | 40 | 4.6 16,000 | 87,000 


[ionic specificity was studied in systems of the type 


; Liquid 
Solution 1 weet : 
anion Solution 2 
c1 A*L— exchange 2e1 B+N— 
ec; A+M— 6 ys * 
membrane 


L— and M— exchanging against N-, and the cationic analogues. The ratios 


of the rates of exchange of L— over M— , is the ionic specificity of the 


OT — 
> ®M- 
membrane for these two ions. 

The sequence of the ionic specificities corresponds to the Hofmeister series, 
as with the porous permselective membranes. 

Biionic potentials [17] in cells of the type c: A+L—| anion exchange 
membrane | c: At+M— and their cationic analogues show that the ion that is 
more readily absorbed (higher in the Hofmeister series) than the other im- 
presses its charge on the other solution, as with porous permselective mem- 
branes. The ionic specificities which can be computed [13] from these data 
agree semiquantitatively with those obtained from rate of exchange studies. 

The electrical resistivity of these membranes is very high. 
For instance, with a secondary amine hydrochloride in aromatic hydrocarbons 
we found a minimum with 80-90% of exchange material, about 70 kohms-cm; 
Protoplasma, LXIII/1—3 12 
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the resistivities are much higher at lower concentrations, reaching the megohm- 
centimeter range with concentrations of less than 40% of ion-exchange com- 
pound. Quite obviously the degree of dissociation of the ion exchanger com- 
pound-counterion salts within the membrane is minimal. The transportation 
of the exchanging ions across the membrane is essentially a non-ionic process, 
and the question arises as to the nature of the potentials originating with these 





Table 2. The Rates of the Simult Exchange of Two Coexisting Species of Ions across 


Liquid Ion Exchange Membranes, the Concurrent Leakage of Nominally Impermeable Ions, 
and the Corresponding Ionic Selectivities and Ionic Specifities. 





| rnitiol Rates of -Mo- | 


Soln. 1 Membrane Soln.2 | vement into Soln. 2 | ioe. Janie. 
| Specificity | Selectivity 


| preq/cm?2— hour 








A. Anion Exchange Membranes 























0.1N AtL- anion |0.2N BtN-| ®L- | OM- | ®At+ | ®L- | ®L- + oM- 

0.1 N A+M~f | exchanger |x 104} OM- | A+ 
KSCN + KCl a NaNO; | 1145 | 5.8} 12 | 20 | 101,000 
KSCN + KAc a | NaNOs | 67 | 0.7 | 22 96 31,000 
KCl+KAe | ® | NaNOs | 95 | 19 | 75 | 5 | 15,000 

B. Cation Exchange Membranes 
. 

0.1N AtL- | cation | 0.2N C+M- | ®A+ | OBt | OL- | ®A+ | oat + ®Bt 

0.1N BL} exchanger | x 104 | ®Bt oL- 
KCl + Lil b HNO; | 25 |17 150 | 1.5 2,800 
CsCl + KOH e HNOs 6.9 | 0.039} 211 | 177 - 
KOl+Necl | 4 NHWNOs| 41 | 34 | 88/ 1.2 | 8,500 











1 This figure refers to Cl- only. 


a) About 0.46N N-Lauryl (trialkylmethyl) amine in the nitrate form in o-xylene. 

b) About 0.22 N Dinonylnaphthalene sulfonic acid in o-xylene. 

c) About 0.1.N 4-sec-butyl-2-a-methyl benzyl phenol in dodecane. This very weakly 
acidic material is useful only in strongly alkaline solutions. 

d) About 0.15N mixed nono-and diesters of octylphenyl phosphoric acid in the 
ammonium form in o-xylene. 


membranes. Is the potential generating mechanism a necessary, inherent, 
well defined part of the total exchange process, or does it only run parallel 
with the main exchange process, fairly independent of the latter, being 
perhaps only a poorly defined side- or epi-phenomenon? Arguments can be 
adduced for either view. 

Two points of particular biophysical interest may be mentioned. We 
interposed between two appropriately chosen solutions, both a liquid mem- 
brane of high anionic transmissivity and a porous cation selective perm- 
selective membrane, which yielded a much lower rate of cation exchange and 
had a much lower electrical resistance. The potential difference between 
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the two solutions across this composite, “mosaic,” membrane was of. the sign 
and approached in magnitude that which would have arisen across the porous 
cation selective membrane alone. Electromotively the mosaic acted like a 
cation selective membrane while chemical analysis proved that the mosaic 
acted exchangewise as a preferentially anion permeable membrane. This 
invites some interesting speculations. 

The other point to be mentioned is that the exchange of ions across liquid 
ion exchange membranes must be classified as a carrier process [18]. The 
exchange of ions occurs because the ions form virtually undissociated com- 
plexes with the functional ion exchange material within the membrane and 
diffuse in this state across it. Here the carriers are not hypothetical entities 
as are the carriers postulated for biological carrier mechanisms [19] but are 
compounds of well defined chemical structure whose mode of interaction 
with the transported material is known. 
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Lipid Interactions in Aqueous Surfaces, Membranes 
and Micellar Systems 


By 


B. A. Pethica 
Unilever Research Laboratory, Port Sunlight, Cheshire, England 


A variety of lipid molecules are involved in the structure of biological 
membranes. The study of the forces between lipid molecules is important 
for an understanding of the properties of these membranes. The results of 
a series of studies on pure model lipid systems were reported. These studies 
were on lipids at aqueous interfaces (examined by surface pressure [1], 
surface potential [2], and surface polarization [3] techniques) and on paraf- 
finic colloidal electrolytes in aqueous solutions and micelles (examined by 
NMR |4] and Raman spectroscopy [5]). Theoretical calculations on the electro- 
static and van der Waals interactions of lipids in membrane-like structures 
were also discussed [6]. These various lines of evidence suggest that phospho- 
lipid zwitterions are somewhat polarized normal to the membrane by applied 
electric fields of the magnitude of action potentials. The van der Waals 
interaction of the chains is also important but does not appear to obey the 
interaction law proposed by Salem |7]. Evidence of phase changes in 
lipid films was also presented in support of some of the schematic membrane 
changes discussed by Kavanau [8]. The importance of water as an 
essential component of membrane structures was illustrated by reference to 
spectroscopic data on chain-water interactions at the surface of micelles 
and in sub-micellar solutions of soap-like molecules. These data very strongly 
support the general view of water-chain interactions discussed by Nemethy 
and Scheraga [9] and show that water is stabilized by the interaction. 
The paraffin chain is free to rotate internally, contrary to the view of 
Aranow and Witten [10] that the water chain interaction leads to a 
hindering of the chain rotation. 
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The Diffusion of Ions from a Phospholipid Model 
Membrane System 


By 


A. D. Bangham, M. M. Standish’, J. C. Watkins’, and G. Weissmann® 


Agricultural Research Council, Institute of Animal Physiology, 
Babraham, Cambridge, England 


With 1 Figure 


The recognition that biological cells exploit the surface-active properties 
of lipids to define anatomical membranes has, in recent years, encouraged 
many workers to develop and study model systems based upon the orientation 
of lipids at interfaces (B ang ha m 1963). A considerable advance was made 
when Mueller, Rudin, Ti Tien and Wescott (1964) and Haydon 
(quoted in Taylor 1963), simultaneously and independently reported a 
technique for the preparation of isolated bimolecular lipid membranes 
separating two aqueous compartments. Such preparations, although some- 
what fickle, have enabled a variety of physical parameters to be measured. 
The technique lends itself pre-eminently to electrical studies of a.c. and d.c. 
resistances and of capacitance (Thompson 1966, Hanai, Haydon 
and Taylor 1964). The major criticism of the technique, however, is that 
the precise composition of the “black” (bimolecular) membrane is in some 
doubt, since it has not been found possible to spread the membranes in the 
absence of a relatively large mole fraction of a “filler” hydrocarbon and of 
water insoluble solvents. Indeed, according to Clements and Wilson 
(1962), if as little as 1% of the lipid mass in a membrane contains non-polar 
compounds, e.g. chloroform, the membrane may be considered to be in a 
fully anaesthetized state. A further difficulty is encountered when lipid 
mixtures analogous io those present in biological membranes fail to produce 
useful membranes. 

The liquid crystal (smectic mesophase) is a preferred phase structure of 
many biological lipids in the presence of water or salt solutions (see review 
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by Dervichian 1964). It may be ascribed to the nature and heterogeneity 
of the hydrocarbon moieties and to the possession by the lipids of either 
polar, ionogenic or both types of head group. The precise geometry of the 
structures depends upon the relative concentration of the two principal com- 
ponents (lipid and water), the temperature, the composition of the lipid and 
the salt concentration of the aqueous phase (Bangham 1964, Haydon and 
Taylor 1963, Lawrence 1961, Luzzati and Husson 1966). Over 
a wide range of such variables, however, the commonest phase structure 
appears to be that of a layer lattice giving rise to spherulites and myelins, 
both composite structures consisting of many concentric bimolecular layers 
of lipid each separated by an aqueous compartment. For thermodynamic 
reasons (Haydon and Taylor 1963), it is probable that at equilibrium 
each and every lipid bilayer forms an unbroken membrane—there being no 
exposed hydrocarbon/water interfaces—from which it follows that every 
aqueous compartment would be discreet and isolated from its neighbour, 
including a complete separation of the outermost aqueous compartment of 
the whole structure from the continuous aqueous phase in which it is sus- 
pended. Since these liquid crystalline structures form spontaneously when 
dry lipids are allowed to swell in aqueous salt solutions, it seemed reasonable 
to test for the integrity of unbroken membranes by measuring the amount 
of electrolyte solution trapped in the aqueous spaces and also to test the rate 
of any subsequent leakage of ions into the bulk phase (Bangham, 
Standish and Watkins 1965). The lipids were swollen in the presence 
of one salt species and then dialyzed exhaustively against an iso-osmotic 
solution of another species; the amount and nature of the original salt 
remaining in the lipid structures were then determined. In the event, it was 
also possible to measure the relative leakage rates of both cations and anions 
out of the compound structure under a number of different conditions. 
Indeed, the final experimental arrangement closely resembled the pattern 
of experiment undertaken very widely for systems of biological interest 
where, for example, the diffusion of Na+, K+ or Cl— from a red cell is 
measured as a function of an external environment. One of the advantages 
of this technique is that the composition of the lipids forming the membranes 
can be precisely varied, particularly with respect to the sign and magnitude 
of the surface charge. 

Summarizing the results obtained from this type of system it was found 
(Bangham, Standish and Watkins 1965) that the diffusion of uni- 
valent cations and anions out of spontaneously formed liquid crystals of 
lecithin is remarkably similar to the diffusion of such ions across biological 
membranes. If the unit structure of the liquid crystal is accepted as being 
that of a bimolecular leaflet, then these leaflets have been shown to be many 
orders of magnitude more permeable to anions than to cations. The diffusion 
rate for cations is very significantly controlled by the sign and magnitude of 
the surface charge at the water/lipid interface. There is a decrease of the 
diffusion rate for cations as the negative charge on the lipid structure de- 
creases, the rate diminishing to zero in the case of a positively charged mem- 
brane. 
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As a measure of the anion diffusion rates, the liquid crystals were swollen 
in K36C] and rapidly dialyzed by passing through a Sephadex G 50 column 
previously prepared in KH2PO,. (Bangham, Standish and Watkins 
1965). Aliquots of the dispersion were then added to equal volumes of 
0.145 M solutions of the K salts of non-isotopic Cl-, Br-, I-, NOz-, NOs-, 
F-, HCOs-, HCO2-, CHsCOz- and HePO.— and incubated for 30 minutes. 


On the assumption that **Cl— will leave the model membrane system at a 
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Fig. 1. Amounts of *Cl— leaving phospholipid liquid crystalline structures in 
exchange for various anions, normalized against non-isotopic Cl—. 


rate proportional to the diffusion rate across the membrane of the non-isotopic 
anions present in the bulk phase, the amount of **Cl— emerging (into a 
dialysate) represents the relative diffusion rates of the various anions. 
The results are shown in Fig. 1. 

By way of an exercise to test the validity of the model membrane system 
as being analogous to that of some biological membranes, Bangham, 
Standish and Weissman (1965) compared the effects of a group of 
steroids on the model system to that of their property of releasing acid phos- 
phatase from lysosomes. It was found that those steroids that caused lysis 
of the lysosomes increased the permeability of the membrane to cations and 
vice versa. 

As a further indication that the system is a valid model, preliminary 
results with both genera] and local anaesthetics show measurable alterations 
in cation permeability from control rates. Thus, in a series of organic solvents, 
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e.g. butanol, pentanol, hexanol, heptanol, octanol, chloroform and ether, 
there is a graded increase in the diffusion rate of cation in a manner that 
is related to their thermodynamic activities. Measurable increases occur at 
or about the lowest activities experimentally shown to reversibly block non- 
synaptic pathways (Brink and Posternak 1948). 

The effect of local anaesthetics (cocaine, procaine, tetracaine and nuper- 
caine) is clearly different from that of the organic solvents. The first measur- 
able effect on the model system, occuring at concentrations known to produce 
reversible narcosis, is that of a reduction in the diffusion rate of cations. 
The reduction (in the diffusion rate) can be related to a reduction in the zeta 
potential due to specific adsorption of the ionized form of the local anaesthetic 
compound. The outer membrane behaves in a similar manner to membranes 
with pre-incorporated long chain cations or anions (Bangham,Standish 
and Watkins 1965). However, both cocaine and procaine at higher con- 
centrations showed a reversal of this trend, although the zeta potentials 
continued to decrease or even reverse in sign. This effect requires further 
investigations, but it might be ascribed to penetration of the bimolecular 
layer by the unionized form of the local anaesthetic. Local anaesthetics 
are known to be lytic at high concentration (Skou 1954). This work will 
be reported in greater detail. 


Summary 


1. The model membrane systems may be formed from egg lecithin with 
or without cholesterol, long chain anions or catiens, as well as from whole 
lipid extracts from RBC’s, etc. 

2. Solvent molecules are not required and are not present. 

3. The model systems are compound structures of bimolecular sheets 
intercalated by aqueous spaces (E.M., birefrigence and X-ray data). 

4. They are permeable to water (3H20). 


5. Positively charged membranes are impermeable to cations. 
Negatively charged membranes are relatively permeable to Li, Na, 
K, Rb, Cs (50% exchange diffusion time ~ 100hr at 22°C). The kinetics 
are probably not Fick, but are linear for the first 24 hours. E= 15 kcals/mole. 
Cation permeability increases steeply with increasing surface charge density. 
No selectivity between K and Na, but preliminary results suggest that the 
incorporation of certain cyclic polypeptides enables the membranes to 
distinguish between Lit or Na+ and K+ or Rbt. 

6. They are osmotically sensitive. 


7. The membranes appear to be about 10° times more permeable to anions 
than cations (50% exchange-diffusion time, ~1 minute at 22°C). Positive, nega- 
tive and pure lecithin (net uncharged) membranes exhibit rapid anion dif- 
fusion rates. The membranes are selectively permeable to anions, those with 
the smallest hydrated ion radius diffusing most rapidly (Fig. 1). 

8. Steroids which cause lysis of lysosomes increase the diffusion rate of 


cations. Steroids that protect lysosomes against various physical or chemical 
insults reduce the cation diffusion rate. 
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9. The membranes respond to alcohol, chloroform and ether by increasing 
the cation diffusion rate in a manner related to their thermodynamic activity. 
The effects are measurable at narcotic concentrations. 

10. The membranes respond to local anaesthetics by showing a reduction 
in the cation diffusion rate. At high concentration this trend is reversed, even 
though the zeta potentials continue to become more positive. 
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With 3 Figures 


In a previous communication |i] the author has demonstrated that a water 
monolayer adsorbed between protein and lipids could account for many 
properties of biological membranes, including the conduction of electrical 
energy. Studies on the conductivity of wet protein [2-6] have already led 
to the conclusion [2] that the absorbed water probably was responsible for 
this conductivity. On the other hand, Eigen [7] and then Klotz [8] 
have described a mechanism whereby protons (or electrons) could jump 
bucket-brigade fashion from one water molecule to another, thus travelling 
long distances. This mechanism was first advanced [7] to explain the fact 
that the conductivity of ice is much larger than that of water. However, 
a close fit of water molecules in an ordered lattice is a perquisite in this 
mechanism. Thus an ice-like lattice would have to be postulated for the 
adsorbed water monolayer. It would be also necessary to demonstrate that the 
parameters of this lattice fit those of proteins and lipids so that both could 
be linked to the water monolayer by hydrogen bonds. There have been 
proposed for this lattice, parameters [1] which have been calculated by assum- 
ing in the monolayer a symmetrical hexagonal distribution of water mole- 
cules linked by 2.77 A hydrogen bonds. Each water molecule therefore would 
have one unlinked hydrogen directed either toward one or the other side 
of the monolayer and capable of hydrogen bonding with either protein or 
lipids. Because in this arrangement the H-O-H angle of liquid water, 
104° 45’ [9-11], would have to be preserved [1], the distance between second 
neighbour water molecules would be 4.63 A instead of 4.50 A as in ice [12]. 
This parameter precisely corresponds to the largest cross-sectional dimension 
of fatty acid chains [13] and also to parameters of proteins [1]. It would 
thus be possible to arrange lipid chains side by side in orderiy array. The 
possible arrangement of the protein is less obvious. The purpose of the 
present communication is to demonstrate with exact models that protein 
chains in the keratin configuration could be linked to a water monolayer 
of the above description through hydrogen bonding involving both the 
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carbonyl! groups of the chain backbone and the polar amino acid side chains. 
For this purpose, photographs and diagrams derived from Dreiding models 
and one actual model are presented. 











Fig. 1. Top. The parameters of the peptide linkage as given by Pauling and 
Corey [14]. The configuration is planar: the « carbons Ca and C’a, the carbonyl 
group C = O, and the amide group NH, all lie in the plane of the Figure. Bottom. 
Vertical projection of two consecutive peptide linkages in # keratin antiparallel 
configuration. R, R’ and R” are side chains. Stars and circles indicate positions of 
NH and C=O groups respectively, the solid and open symbols indicating groups 
pointing vertically downwards and upwards, respectively. Intersections of con- 
secutive peptide linkage planes with horizontal plane make 135° angle as do the 
sides of a regular octagon. 


In these models protein chains in the f keratin antiparallel configuration 
(Fig. 1) [14] are linked by hydrogen bonds to a water lattice in the proposed 
configuration (Fig.2). They demonstrate that among the infinite number 
of directional changes such chains could adopt, those corresponding to certain 
angels, 135° and 120°, for example, permitted extensive hydrogen bonding to 
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memes» sense: PEPTIDE BACKBONE. ,2£:N-H. @,O: CHo. INSIDE CHAINS, ye: Nn. O,@:0. 


IN WATER. @,© : WATER MOLECULE (0) IN MONOLAYER. O: WATER MOL. ABOVE MONOL. ______ : HYOR. BOND. 


Fig. 2. Diagram derived from molecular model of peptide chain in the # keratin 
antiparallel configuration running parallel to monolayer water network, All com- 
ponents are seen as vertical projections in the plane of the Figure. The positions 
of oxygen atoms in hexagonal water network are indicated by small circles (see 
legend for symbols). Large circles in botiom right corner are van der Waals con- 
tours of oxygen atoms; shaded circles for oxygen atoms above, open circles for 
those below the median plane of the monolayer. The peptide chain runs straight 
(ABCD), then along DEFP (octagon). A 35° twist of the « carbon H induces new 
direction, HKLM. The latter makes a 120° angle with NOFPQRS. The hydrogen 
bonding of carbonyl groups of chain backbone with oxygen atoms of water network 
is indicated by the coincidance of their respective symbols. Various modes of hydro- 
gen bonding to the water molecule network by amino acid side chains are illustra- 
ted: direct bonding (T 1, T 2, T 3, T 4, T 5); indirect bonding (U1, U2, U3, U4); 
inclusion of amino nitrogen atoms in the network (V1, V2, V3). 
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the water monolayer. The hydrogen bonds would be perpendiculer to the 
plane of the monolayer and the angles of the covalent bonds linking the 
hydrogen bonded atoms of the protein would required no modification. 
Hence the hydrogen bonds would be strictly colinear, and the bonding would 









































Fig. 3. Hexagonal spiral configuration of membrane protein unit. Top. Protein unit 

in the mozaic pattern of the membrane surface. Bottom. Cross section of membrane 

showing lipoprotein particle. P is protein unit on both sides of the membrane; 

L, lipids of bimolecular leaflet. In both views, triangles symbolize groups forming 
sites specific for adsorption of solute molecule M. 


not impose any strain either on water monolayer or protein elements. This 
high degree of correspondence could not be obtained if the critical para- 
meter, 4.63 A, of the water monolayer were altered even slightly. The models 
presented demonstrate three different forms of hydrogen binding. Direct 
binding occurs between a polar terminal atom (oxygen, nitrogen) and an 
oxygen atom in the water monolayer. Examples are given for carbonyl 
oxygens of the chain backbone, hydroxyl oxygens in tyrosine, aspartic and 
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glutamic acid, and amino nitrogen in lysine. Indirect binding could occur 
between a polar terminal atom and the oxygen of a secondary water mole- 
cule, i.e. a water molecule hydrogen-bonded to a molecule of the water mono- 
layer. This can be demonstrated for the hydroxy] oxygen in asp‘ rtic acid, 
serine and threonine, and for a ring nitrogen in histidine. The third mode of 
binding would occur with terminal amino groups only, when these substitute 
for water molecules in the monolayer. Hydrogen bonding of the amino 
nitrogen to adjacent water molecules would then lead to the formation of 
an ammonium group, R—NHOH, or an ammonium ion, R—NH*+. Examples 
given include lysine and arginine. 

The conductivity of wet proteins is thus explained and the possibility 
for the occurrence of a structural water monolayer in lipoprotein systems 
is demonstrated. 

The models also show that at some points of the protein chain, particularly 
at points where the chain changes direction few alternatives exist in the 
mode of hydrogen bonding. Specific amino acids would seem to be required 
in some positions. The amino acid sequence could therefore determine the 
pattern of the secondary structure by imposing specific directional changes. 
Among the many secondary structures such a chain could assume, that of an 
hexagonal spiral would seem particularly interesting. In this configuration 
the chain would assume directional changes characterized by 120° angles 
between straight segments in which the number of amino acid residues 
increases as the distance from the center increases. The segments would be 
parallel and equidistant (8 A) in any of the 6 sectors. The change from the 
normal 135° angle in keratin antiparallel chains could be obtained simply 
by a 35° rotation of a carbon in the chain backbone. This carbon would then 
be located at the apex of the 120° angle. 

Model hexagonal spirals of the type described here can be built from 
Dreiding units. It is obvious that this type of structure would lead to a 
neat mozaic arrangement of the protein molecules on both sides of the mem- 
brane (Fig.3). A previous communication [1] has defined conditions under 
which discrete molecules, along with the lipid complement sandwiched be- 
tween them, could form lipoprotein units of the membrane. This concept, 
which is entirely compatible with the Danielli model, would seem very fruit- 
ful in discussing molecular and other forms of membrane transport [1]. 
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The structure of cellular membranes is a central problem in biology. 
Interest in structure at ‘the subcellular level derives primarily from the 
realization that the functional properties of biological membranes are a 
product of the molecular arrangement and the physical properties of the 
component molecules. The widely accepted hypothesis of membrane 
organization advanced by Davson and Danielli has the phospholipid 
component arranged in the form of a bimolecular sheet. On the basis of this 
hypothesis it is evident that many of the physical properties of biological 
membranes will be related to the corresponding properties of a phospho- 
lipid bilayer. 

In the past few years reports of studies on the formation properties of 
lipid membranes less than 100 A in thickness have come from five labora- 
tories [1-12]. Although the detailed molecular organization of these mem- 
branes is not fully known, the physical properties, composition and extreme 
thinness suggest that they are indeed lipid bilayer structures. 

Similarities between the properties of these membranes and the cor- 
responding properties of natural membranes are illustrated in Table 1. The 
bilayer data tabulated here have been obtained on membranes composed of 
purified egg phosphatidyl choline and n-tetradecane formed at 36°C in 
0.10 NaCl aqueous phase [5]. Bilayer thickness has been determined by 
measurement of the intensity of light reflected from the membrane com- 
bined with refractive index data derived from Brewster angle measure- 
ments [7]. 

At 36°C the bilayer membrane has a high specific d.c. resistance (0.24.0 
megohm cm?). In recently concluded studies carried out in collaboration 
with H. P. Schwan, the bilayer capacitance at 36°C was found to be 
0.69 + 0.05 uf cm? and to be independent of the frequency over the range 
0.02 to 20ke. The capacitance over this frequency range is independent also 
of the applied voltage up to the breakdown voltage of 200 mV. 

Bilayer permeability to water has been determined at 36°C by both 
isotope exchange and by volumetric measurement of net water flux occurring 
when a sodium chloride concentration gradient exists across the mem- 
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brane |8]. Although the permeability coefficient (4.4 4sec—!) determined 
by THO exchange was found to be the same for all phosphatidyl‘ choline 






































Table 1. 
Natural Bilayer 
Membranes Membranes 
(20-25° C) (36°C) 
Thickness, A 40—45 72 + 10? 
Resistance (d. c.) Q em? ~ (0.2—4.0) x 106 
Resistance (1 kc) Q cm? 102— 105 (1.0 + 0.5) x 1061 
Capacitance (i ke) yf cm-? 0.5—1.3 0.69 + 0.05 
Dielectric breakdown, mV 100—300 100 + 20 
H,O permeability, micr. sec~! 
isotopic | 0.23—63 4.4 + 0.5 
osmotic | 0.37—400 17.3—104 
1 25°C 
2 The value of 61 A quoted in Ref. [1] should be corrected 
to 72 A. 
Table 2. 

Phosphatidyl Choline Preparation | CH-21 VM-8? | CH-22 FH-3! | EC-15* 
Permeability (uy sec-1) isotopic 4.4 _ _ 4.4 ~ 
Permeability (usec~!) osmotic 17.3 78.9 | 90.0 86.9 104 
Equivalent Pore Radius A 5.3 14.2 15.3 15.0 16.6 
(Apr/A) x 105 1.12 0.90 0.89 0.90 0.89 

1 Chromatographically pure. 
Table 3. 
| 

Reference + 9,10 This paper | il 12 
Temperature °C | 35 20 36 33 ? 
Thickness, A | 60—90 | 4841 72 + 10 — - 


Resistance | 
(d.c.), Qem? | (0.5—1.0) x 108} W108 | (0.2—4.0) x 106| (0.1—1.0) x 106| 107 
Capacitance 














pu fem-2 0.7—1.3 | 0.38 + 0.01 0.69 + 0.05 0.5—12 
Permeability, | 

microns sec~! 

osmotic 23.5 | 8.3—14.4 17.3—104 =_ - 

isotopic — 2.3 4.4 + 0.5 42 — 


preparations used, such was not the case for the osmotically determined 
coefficient (17.3104 usec). It is possible that the inequality of the two 
types of permeability coefficients, as well as the lack of dependence of the 
isotope exchange coefficient on the phosphatide preparation, reflected the 
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existence of unstirred layers in the aqueous phase adjacent to the mem- 
brane. However results of experimental studies in different types of cells, 
both with and without stirring, together with a theoretical analysis indicate 
that this is not the case. These differences between the osmotically and 
isotopically determined coefficients must be regarded as membrane char- 
acteristics. 

Equivalent pore radii and the fractions of bilayer area involved in water 
permeation have been calculated following Solomon. The results of these 
calculations are summarized in Table 2 [8]. 

The inequality of the two permeability coefficients may be the result 
of a “long pore” effect. It is also possible that the inequality reflects a chemical 
isotope effect resulting from the involvement of critical hydrogen bond 
making and breaking processes in water permeation. Osmotic flux studies 
were carried out on preparation FH-3 (Table 2) in 99.5% DesO in order 
to test the latter hypothesis. Although the membranes formed in D2O 
were mechanically less stable, the permeability coefficient was the same 
as that obtained in H2O. Hence this explanation appears to be ruled out. 

It is interesting to compare the physical properties of the bilayer mem- 
branes studied in five different laboratories. A summary of the available 
data is given in Table 3. In general the various membranes are similar in 
properties to each other. The greatest variation is seen in the specific 
resistance. This variation probably reflects the fact that although similar, 
neither the composition of the membrane system nor the experimental con- 
ditions were the same in any two laboratories. 
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With 2 Figures 


The subject of membrane design affords ample opportunity for specula- 
tion. Until more is known experimentally about the structural role of the 
component parts, no sound theory can be formulated regarding the physically 
significant spacial relations between these parts. The finite thickness of 
cellular membranes corresponds most likely to the Davsun-Danielli model 
of a bimolecular lipid layer plus an inside and outside layer of protein, 
but there is as yet, no clear picture of the nature of the ordering within these 
surface layers. Substructure has been observed in the surface of some 
specialized membranes by electron microscopy, as described by Porter, 
Robertson, Sjéstrand, Stoeckenius and others at this Sym- 
posium. The scale and symmetry of these surface patterns bear a super- 
ficial resemblance to the surface structure of icosahedral virus particles, but 
this morphological similarity does not necessarily imply any fundamental 
relation in their designs. 

Membranes are molecular containers as are the protein coats of virus 
particles. A theory of virus particle construction has been developed 
(Caspar and Klug 1962) which predicts that the packing arrangement 
of subunits in the protein coat will correspond to certain energetically favored 
surface lattice designs. The basic postulate of this theory is that the 
design of virus capsids is determined by the specific 
bonding between protein structure units whidh, in the case 
of simple viruses, may be all identical. The plausibility of this postulate is 
attested to by the correspondence of the structures observed for many 
different viruses to the predicted designs and by the agreement between 
theoretical predictions and the results of detailed studies on the substructure 
of a few selected small viruses. If membranes are assembled from lipo- 
protein subunits it is conceivable that their construction could be governed 
by the same general design principles which apply to virus particles. How- 
ever, it is perhaps more likely that the underlying design of membranes 
is determined by the lipid-lipid interactions which could lead to order of a 
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type and scale quite different from the protein surface lattices of virus 
particles. 

A membrane is a condensed state of matter. Thus, there must be some 
type of order in the surface which may be either of the nature of a surface 
crystal or a two-dimensional liquid. The structural distinction is that a 
crystal has long-range order whereas the component parts of a liquid are 
only locally ordered. Completely random arrangements of matter only occur 
when the interaction energy between the parts is negligibly small as in a 
gas or dilute solution. The order in any condensed state is a consequence 
of the interactions between the parts. If the interactions are strong and 
specific, a highly ordered structure will be stable. On the other hand, if the 
entropy increase associated with long-range disorder is sufficient to com- 
pensate for the increase in energy resulting from small departures from the 
optimum local packing, a liquid-like structure will occur. Considering the 
chemical complexity and the flexible properties of cellular membranes, it 
is likely that there is significant long-range disorder in the surface but this 
could still be compatible with local surface crystalline domains. 

The types of order which can occur in a closed surface can be analysed 
as a formal geometrical problem, but a more pressing question than the type 
of order in the membrane surface is the scale of the physically significant 
substructure. If the design and functional properties of membranes are 
principally determined by the interactions between the lipid components 
then the scale of the substructure is likely to be related to the size of these 
molecules. Because of the complexity of the lipid composition as well as 
the polymorphism of even pure lipid aggregates, a priori analysis based on 
our present limited knowledge is unlikely to lead to any meaningful con- 
clusions regarding the packing of lipid molecules in membranes. Studies 
of the structure of model lipid systems (Luzzati and Reiss-Husson, 
this Symposium) together with physiochemical investigations of the properties 
of synthetic membranes (Thompson, this Symposium) provide a con- 
structive approach to the analysis of the relation between lipid interactions 
and the organization of membranes. 

The hexagonal patterns observed by electron microscopy in some mem- 
brane surfaces are unlikely to be due to substructure within a bimolecular 
lipid layer. It remains to be established whether the observed substructure 
represents: 

1. an artifact of preparation unrelated to any underlying pattern; 

2. a real and essential aspect of the lipo-protein organization; or 

3. a real but accessory array of surface components characteristic of some 
specialized membranes. 

This third possibility offers a plausible interpretation of the surface 
arrays observed by Porter (this Symposium) in the rat urinary bladder 
membrane which is thicker than the normal cytoplasmic membrane and is 
evidently a specialized structure. The membranes which envelop the helical 
nucleoprotein particles of myxoviruses are studded with an hexagonal array 
of projecting units (Horne et al. 1960) which are clearly virus specific 
components, but the periodicity of about 80 A is similar to that of the surface 
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patterns of some cellular membranes. The regular arrangement of such 
accessory components may reflect an underlying pattern in the unit mem- 
brane to which they are attached or the ordering may result from the direct 
interactions between the surface components. 

The periodicities observed in the electron microscope, if they are not 
artifacts, suggest some regularity in composition and bonding properties of 
macromolecular units. An hypothesis which would be consistent with the 
assumption of a bimolecular lipid layer as the underlying structural] element 
of the unit membrane is that surface regularities represent an ordered Jayer 
of structural protein. This hypothetical structural protein would presumably 
be different for different membranes, and the ordered layer would presumably 
accommodate specific membrane-associated enzyme complexes or the en- 
zymes themselves may serve a dual role as structural components. Moreover, 
a structural protein may not be a necessary component of all membranes. In 
view of our present lack of knowledge of membrane organization, many 
other ad hoc postulates could equally well be advanced. However, the general 
topological restrictions on the energetically plausible packing of similar 
or identical structural units in a surface can be analysed regardless of exact 
nature of these hypothetical units. It should be emphasized that the follow- 
ing geometrical arguments provide formal representations of possible mem- 
brane designs based on postulates regarding the structural interactions. 

Specific bonding between equivalent structure units in a surface will 
lead to an ordered surface lattice such as is observed in the protein coats 
of virus particle. The possible designs for surface lattices built of enantio- 
morphic units such as proteins can be represented by plane nets without 
mirror symmetry. Only the nets with 4- and 6-fold rotational symmetry can 
be folded so that the same pattern of connection is maintained throughout 
a closed surface. Designs for closed surface lattices based on the net with 
hexagonal symmetry are energetically most favored for units with specific 
bonding properties since they can be closed by transforming 12 of the 
6-coordinated lattice points into 5-coordinated points, and this involves the 
minimum change in the local bonding. This is the argument on which the 
theory of icosahedral virus particle construction is based (Caspar and 
Klug, 1962). However, in highly subdivided shells with somewhat more 
flexibility in the bonding than in virus capsids, the possible designs would not 
be restricted to icosahedral surface lattices. The 12 5-coordinated points 
topologically required to form a closed container could be statistically 
distributed without significantly altering the local bonding relations. 
Nevertheless, the most probably designs are those based on a folded hexa- 
gonal net. 

Relaxing the postulate of specificity in the bonding between structure 
units would allow more disorder in the surface array. However, if the array 
is to have isotropic surface properties, there must be at least statistical 
rotational symmetry. If the bonding were very different in one direction 
from another, the surface would be anisotropic, and there would be dis- 
location lines corresponding to the juncture of differently oriented domains 
in the closed surface. Non-specific isotropic bonding in a surface can be 








200 D. L. D. Caspar 


represented by random close packing of circles in which the distance be- 
tween neighboring units is not exactly fixed (Fig.1). The circles can be 
taken to represent statistically symmetrical molecules or ring aggregates 
of asymmetrical molecules. With mutual attractive forces, each circle will 
be in contact with at least three others. Thus, no unit can move without its 
neighbors also moving. This two-dimensional model is analogous to 
Bernal’s (1960) representation of the structure of liquids by random close 
packing of spheres. 

The centers of the circles in Fig. 1 can be connected together by a set of 
lines to form triangular facets in such a way that no edges cross. Under these 
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Fig. 1. Fig. 2. 
Fig. 1. Random close packing of circles in a plane. Points which are 5- and 7-coor- 
dinated are marked; all others are 6-coordinated. 
Fig. 2. Model illustrating random close packing in a hypothetical membrane surface, 
The surface patiern though disordered is similar to that of specific bonding in a 
hexagonal surface lattice. 


conditions the mean number of edges joined at a point is 6 (neglecting points 
at the periphery of the array). The coordination of any particular point is 
not topologically determined, though with random close packing, most circles 
have 6 neighbors. Some circles are 5- or 7-coordinated, as marked in Fig. 1, 
but without large gaps in the array, smaller or larger coordination numbers 
do not occur. The number of 5-coordinated points is equal to the number 
which are 7-coordinated in the plane array. In a closed surface there would 
be an excess of 12 5-coordinated points. The model in Fig.2 illustrates 
random close packing of symmetrical units in part of a closed surface. It is 
clear that hexagonal packing predominates even with significant gaps and 
local irregularities in the array. This model illustrates a possible geometry 
of packing and is not intended to represent the design of any real membrane. 

Hexagonal patterns in the surface of membranes could result from the 
ordered packing of structural proteins with specific bonding properties or 
from non-specific association of isotropic or symmetrical aggregates of similar 
size. The observed periodicities of about 80-100 A in some membranes would 
be compatible with hexamers of a protein of molecular weight about 
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15—20,000. However, the generality and significance of the observed sub- 
structure is still open to question. The protein component of some mem- 
branes could conceivably be in a form similar to an unfolded monolayer 
with no large scale periodic regularity. Moreover, on membranes which 
make up lamellar structure such as chloroplasts an dretinal rods, macro- 
molecular aggregates could be arranged with a symmeiry other than hexa- 
gonal if the array is not continuous in a closed surface. Orthorhombic lattice 
arrays have been observed in spinach chloroplast lamellae by Park and 
Biggins (1964), though a more disordered arrangement is most common. 
Nevertheless, if there is any macromolecular ordering in a continuous closed 
membrane surface, hexagonal symmetry represents the most probable regular 
pattern. 
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in Mitochondrial Membranes 
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Medical School, Denver, Colorado, U.S.A. 


With 5 Figures 


Mitochondrial membranes of specimens prepared for electron microscopy 
appear similar to other unit membranes that are about 70 A thick, with two 
outer opaque lines of approximately 20 A sandwiching a more lucid internal 
zone of approximately 30 A. From the work of Robertson (1960) and 
Stoeckenius (1962) the opaque lines are assumed to represent the hydro- 
phylic portion of the phospholipids and the protein, while the lighter line 
represents the hydrophobic portion of the lipids. 

When the opaque zones of such preparations (Fig.1) were observed by 
stereo microscopy at high magnifications, it was noticed that they were 
formed by what appeared to be a granular substructure; we use the term 
opaque loci in reference to these elements. The dimensions of these loci 
are equal to the width of the outer opaque lines. To establish the components 
of the membranes which form such loci, lipids and various proteins were 
prepared and examined under similar conditions. Fig.2 shows a micrograph 
of a phospholipid suspension prepared in water and fixed for electron micro- 
scopy. The opaque lines of the multilaminated system are formed by a 





Fig. 1. The outer and inner faces of the mitochondrial membrane are formed by 
opaque loci about 20 A in diameter. The opaque loci are visible in the face and cross 
sectional images (see arrows). Fixation: Gluteraldehyde with OsO, postfixation. 
Double staining with uranyl acetate and lead citrate. 250,000. 
Fig. 2. The structure of phospholipid lamellae is similar to that of the mitochondrial 
membrane. The opaque loci, 15-20 A in diameter, are more closely packed. The 
lucid center region of ihe membrane appears more opaque than in the natural 
membrane. Fixation: Glutaraldehyde with OsO, postfixation. Double staining with 
uranyl acetate and lead citrate. 200,000. 
Fig. 3. The floc-like aggregates of “structural” protein isolated from rat liver mito- 
chondria also exhibit opaque loci 15-20 A in diameter (see arrows). Fixation: Glu- 
teraldehyde with OsO, postfixation. Double staining with uranyl acetate and lead 
citrate. 400,000. 
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Fig. 4. Phospholipid negatively stained with neutral sodium phosphotungstate shows 

rows of closely packed granules 15-20 A in diameter. The size of these particles is 

similar to those observed in the fixed and sectioned preparations. In this field the 

particles are aligned in single rows (between arrows). Preparation: Positive image 
of sample negatively stained with neutral phosphotungstate. 400,000. 


UNIT MEMBRANE 


SS 


Fig. 5. A diagramatic presentation of the image of the unit membrane interpreted 

by Robertson (left). Observation of the fine structure of sectioned and negatively 

stained membranes show that the membrane could be interpreted to be a mosaic of 

granules. The granules (right) are labeled io indicate phospholipids (PL) and “struc- 

tural” protein (SP). The arrangement of the two types of units is not to suggest 

their organization but to account for the proportions of the two components in the 
membrane. 
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series of loci of approximately 15-20 A. These observations suggest that 
the owaque loci of natural membranes are sites occupied by phospholipid. 
In the phospholipid preparations (Fig.2), only a weak lucid intermediate 
line is observable. Because of this difference one can speculate that in con- 
trast to Robertson’s scheme, all of the area occupied by the phospholipid 
is in the opaque outer zone of natural membranes. 

If the opaque regions of the membrane are assumed to represent phospho- 
lipid, the question arises concerning location of the proteins in or associated 
with the membrane. Evidence for the existence of a special protein in natural 
membranes has been presented by Green et al. (1961) and Richardson 
et al. (1963). These investigators reported the isolation of a protein, which 
they designated “structural”, from various membranous sources. This protein 
seems to be devoid of enzymatic activities, it is very poorly soluble at neutral 
pH and is able to bind phospholipids. These data are not conclusive evidence 
for the existence of this protein, nor do they indicate the protein relationship 
with natural membranes. Assuming that the protein is either membrane 
associated or a structural entity of the membrane, we have investigated this 
protein by electron microscopy. Fig.3 is a micrograph of fixed and embedded 
structural protein prepared from rat liver mitochondria. Small opaque loci 
of approximately 15-20A in diameter are associated with the floc-like 
aggregates in the preparation. This observation indicates that it is possible 
that some of the opaque loci in natural membranes represent “structural” 
protein. A model of the unit membrane based on the mosaic arrangements 
of opaque loci is shown in Fig. 5, in contrast to the classic structure of the 
unit membrane. The opaque lines are shown in a series of loci composed 
of phospholipid or structural protein. It is evident that there might be other 
proteins which could fit in the space occupied by “structural” pretein. 

The opaque loci shown above might be artifacts of preparation. In an 
attempt to determine wheiher the loci were artifacts due to the method 
of preparation, other techniques were used to examine the specimens. Fig. 4 
shows an electron micrograph of a phospholipid suspension in water which 
has been negatively stained with phosphotungstic acid. These membranes 
reveal a granular texture which has a diameter of 15—20 A. Structures similar 
to those shown in Fig.3 could be seen in negatively stained preparations of 
structural protein. Although these data do not prove the existence of the 
opaque loci, the images of membranes prepared by the two methods direct 
one’s attention to further analysis of membrane composition correlated with 
fine structure observation. 
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Comparison of Theories of Teorell’s Membrane Oscillator 
By 


R. H. Aranow 


Research Institute for Advanced Studies, 1450 South Rolling Road, 
Baltimore, Maryland 21227, U.S.A. 


Teorell’s membrane oscillator (T e o re11 1959) consists of a silica gel 
wide pore membrane which separates two compartments containing the same 
electrolyte but with different concentrations. When a critical value of con- 
stant current flows through the membrane, oscillations of potential difference 
and pressure difference across the membrane are observed. Teore!] 
described his membrane by assuming 1) charged membrane, 2) electroneutral- 
ity, 3) Fick’s diffusion equation with convection, 4) electroosmotic flow, 
5) the concentration of oppositely charged mobile ions are taken to be equal 
at each point within the membrane, 6) Ohm’s Law and 7) a resistance relaxa- 
tion equation 


—— = k(R— R(V)steaay state) 


where R is the resistance and V is the volume flow rate. The last relation 
is offered as an empirical one, which serves to describe the data quite well. 

Franck’s treatment (Franck 1963) differs from Teorell’s chiefly 
in the use of the Nernst-Planck equation with convection. Both treat- 
ments interpret the time dependent behavior in terms of non-steady state 
behaviour in the membrane. Franck also calculated the so-called 
“dynatron-behaviour” of the membrane, the current-voltage characteristic at 
different fixed values of pressure. 

Fujitaand Kobotake (1964) utilize 1) a capillary model, 2) equations 
of flux from thermodynamics of irreversible processes, 3) Navier-Stokes 
equation in the pore, 4) steady-state behaviour in the membrane with time- 
dependent boundary cotjitions (on pressure),5) charged capillary wall treated 
with Deby e-Hiickel approximation to P 0isson’s equation. The simpli- 
fying assumption 4) rules out Teore!l|’s resistance relaxation equation. 
Fujita and Kobotake also describe a “dynatron-action” for the 
capillary. Aranow (1963) analyzed Te ore 11's oscillator using an adapta- 
tion of the equations of motion of Bearman and Kirk wood (1958) for 
each species in a multicomponent system. These general equations reduce 
under simplifying assumptions to those of Franck, Teorell or 








R. H. Aranow: Comparison of Theories of Teorell’s Membrane Oscillator 207 


Kobotake and Fujita. These equations are treated by a perturbation 
method in which the zeroth order corresponds to steady state and first order 
to a time dependent situation. 

The analysis of Aranow only attempted to establish the condition of 
stability (the condition for oscillation) in the special case of no water flux 
in the steady state. The perturbation procedure is also a linearization proce- 
dure. For the linear partial differential equations which resulted from the 
perturbation procedure, solutions for the functional dependence of the first 
order concentration can take the form 

C1 = C19 e™ f (x) 
where “t” is the time, “cio” is a constant, “x” 
the membrane. 


is the position coordinate in 


Since: 
h h 
dz dx C1 
R= Gus ft ff-2 +... 
0 0 
then: 
h h 
dz a dz 
Ro= |, ond i= | Qn ee 
0 0 


where Q» is the equivalent conductivity, and “h” is the membrane thickness. 
From these relations and the solution for “c1”, it can be derived that: 


dR dR 
= Gp =m Ri = (R— Ro). 


Thus A ranow’s treatment reveals the significance of Te ore 11's resistance 
relaxation equation. 

The primary problems ahead seem to be the development of techniques 
to handle the very complicated set of equations of Bearman and Kirk- 
wood and experimental work to determine whether or not the membrane 
steady state assumption of Kobotake and F ujita corresponds to reality. 
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Electron Microscopy of Negatively-stained Lipids 


By 


Audrey M. Glauert! and J. A. Lucy? 


Strangeways Research Laboratory, Cambridge, England 


With 2 Figures 


Introduction 


The negative-staining technique is being used increasingly in studies of 
biological membranes, and it is therefore important to investigate the effects 
of this preparative procedure on the structures of specimens containing 
lipids. 

Macromolecular Assemblies of Lipids 


Helical structures about 220 A in diameter, composed of globular, micellar 
subunits (Fig. 1) are formed spontaneously in aqueous dispersions containing 
lecithin, cholesterol and saponin (Lucy and Glauert 1964, Bangham 
and Horne 1964). We have found that these macromolecular assemblies 
are sensitive to small changes in preparative conditions, and we have used 
the helices to test the effects of variations in the pH and ionic constitution 
of negative-staining solutions on lipid structures possessing a high degree 
of structural organization. In addition, we have examined the changes pro- 
duced by various fixatives. 

Helices and the related structures that are composed of stacks of discs 
(Fig.1) were obtained by evaporating to dryness equimolar quantities of 
lecithin and cholesterol from an organic solvent and then suspending the 
lipids in an aqueous solution of saponin and potassium phosphotungstate. 
The lipids were suspended by gentle shaking, and the suspension was main- 
tained at 21°C. At various times after the initial mixing, a drop of suspension 
was removed, dried on a grid, and examined in the electron microscope. In 
the first hour, short piles of stacked discs were observed, later short helices 
appeared, and after two hours longer helices were seen. A possible inter- 
pretation of these observations is that the helical structures are formed in 
the aqueous suspension and that they grow longer with time. 
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Suspensions of lecithin, cholesterol and saponin, not containing the nega- 
tive stain, were also prepared, and a drop of the suspension was mixed with 
a drop of potassium phosphotungstate solution immediately before drying. 
Similar helices to those illustrated in Fig.1 were then observed, but the 
structures were found to form more rapidly in the absence of the stain than 





Fig. 1. Helices and stacked-disc structures (arrows) in a preparation of lecithin. 
cholesterol, and saponin, negatively stained with potassium phosphotungstate at 
pH 7.0, 300,000. 





Fig. 2. Helices in a preparation of lecithin, cholesterol, and saponin, negatively 
stained with potassium phosphotungstate at pH 4.4. 300,000. 


in its presence. In experiments designed to investigate pH and other effects, 
the negative stain was added to the suspension just before the sample was 
dried. 


The Effect of pH 


When acidic and alkaline solutions of potassium phosphotungstate were 
used, disorganized helices were observed. At pH 8.8 there were local varia- 
tions in the pitch and diameter of individual helices. At pH 4.4, the overall 
diameter of the structures remained unchanged, and the inner and outer 
subunits, which have been described previously (Lucy and Glauert 
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1964), were still visible (Fig. 2, arrow). There appeared, however, to be some 
weakening of the interactions between adjacent turns of the helix, which 
resulted in a pulling out of the helical structure (Fig. 2). 

Acidic solutions of uranyl acetate also caused disorganization, but there 
was no extension of the helices. The degree to which the helices were appar- 
ently disrupted under acidic conditions increased with the time that the 
dispersed lipids were in contact with the acidic solutions. In contrast, helices 
in potassium phosphotungstate solution at pH 7.0 appeared to be unaltered 
after 30 minutes. It was therefore concluded that the helices observed under 
neutral conditions correspond most faithfully to the structures present in 
the aqueous suspension before staining. 


Composition of Negative Staining Solutions 


At pH7, potassium phosphotungstate and ammonium molybdate appeared 
to give the best preservations of the helices. With calcium phosphotungstate, 
the regular periodicity was maintained, but the diameter of the helices was 
increased in places as the result of the addition of extra subunits. It appears 
that divalent calcium ions may act as a bridge between the outer lecithin- 
cholesterol micelles of the helix (Lucy and Glauert 1964) and further 
micelles containing lecithin and cholesterol that would otherwise be free. 
The binding of extra subunits that occurs in the presence of calcium is 
accompanied by a change from the helical to the stacked-disc configuration. 

These observations do not necessarily indicate that potassium phospho- 
tungstate and ammonium molybdate at pH7 are the best negative stains 
for all lipid-coniaining systems, since the effects of the stains will depend 
upon the molecular constitution and surface charge of the specimen. Our 
studies do show, however, that it is necessary to obtain comparative observa- 
tions with more than one staining solution. 


The Effect of Fixatives 


In some model systems and in preparations of the myelin sheath, it has 
been shown that fixation can prevent some of the alterations that occur on 
drying in air (Finean 1961, Finean and Rumsby 1963). We have 
therefore treated aqueous dispersons of lecithin, cholesterol and saponin with 
various fixatives before the samples were dried on the grid, in the hope that 
some of the artefacts of drying would be avoided. Potassium phospho- 
tungstate at pH 7.0 was used as the negative stain in all experiments with 
fixatives. 

With unbuffered solutions of osmium tetroxide, it was found that dis- 
organized helices could be observed after only 15 seconds in the fixative; 
helices were almost completely absent after 5 minutes. Similar structures 
were obtained when the fixative was prepared in a veronal-acetate buffer, 
but more regular helices were observed on the further inclusion of 10 mM 
calcium chloride (Kellenberger, Ryter and Séchaud 1958). After 
15 minutes “fixation” in the presence of calcium the helical structures were 
still recognizable, although extra subunits were attached to their surfaces 
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and a change to the stacked-dise configurations often occurred. The binding 
of these additional micelles is presumably due to the calcium in the fixative, 
since calcium was absent from the subsequent negative stain. 

Phosphate- and cacodylate-buffered solutions of glutaraldehyde were 
unsatisfactory fixatives, since extended helices were observed. More organ- 
ized structures in the stacked-disc form were again obtained with cacodylate- 
buffered glutaraldehyde containing 10 mM calcium chloride. 


Conclusions 


The present studies appear to confirm previous suggestions (Baker 
1958) that some of the fixatives used for the study of membranes may not 
give an adequate preservation of the lipid components unless a sufficient 
concentration of calcium is present. 

These experiments are being continued, and we plan to investigate any 
changes that may occur during subsequent dehydration and embedding 
processes. It is hoped to preserve the helices so that they may be studied 
by thin-sectioning techniques, since a procedure that is satisfactory for these 
helices may also be of value in the examination of thin sections of biological 
membranes. Furthermore, as the helical structures appear to contain globular 
micelles of phospholipid, 40 to 50A in diameter (Lucy and Glauert 
1964), continued investigation of these structures may also shed light on the 
formation, stability and function of globular micelles of lipid within natural 
membranes (Lucy 1964). 
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The Effects of Negative Stains on Lipids and Proteins 
Observed in the Electron Microscope 


By 
R. W. Horne 


Agricultural Research Council, Institute of Animal Physiology, 
Babraham, Cambridge, England 


Negative staining techniques have been applied to a wide variety of bio- 
logical structures, including bacteria, viruses, sub-cellular components, pro- 
teins and lipids (cf. Horne 1965). Phospholipids in the form of lecithin as 
well as mixtures of lecithin and cholesterol have been studied at the mole- 
cular level by Bangham and Horne (1964) and Lucy and Glauert 
(1964). Moreover, modifications of the phospholipid biomolecular leaflet 
by various chemical agents were also observed. 

During recent studies on the structure of lipid and its association with 
lipopolysaccharide isolated from bacterial cell envelopes, it has been found 
that different negative stains are capable of producing structural changes 
within these particular substances (Rothfield and Horne, to be pub- 
lished). Phosphatidy! ethanolamine, when examined in the electron micro- 
scope in the presence of ammonium molybdate, shows well-preserved and 
regular patterns of lamellae with very few discontinuities of the biomolecular 
leaflets. The same material, when mixed with potassium phosphotungstate 
as a negative stain, shows considerable disruption of the lipid. Experiments 
were designed to observe directly the association and effects produced by 
particles of lipopolysaccharide on phosphatidy! ethanolamine at a range of 
concentrations. It was necessary to apply a wide range of negative stains 
to establish the optimum conditions for electron microscopy. 

The appearance in the electron microscope of the lipid and polysaccharide 
particles from bacterial envelopes was observed to be associated with the 
different penetrating properties and charge of the negative stains used. 
Similar effects have also been demonstrated during the examination of certain 
proteins in the electron microscope following negative staining procedures. 
In the recent high resolution studies on the macromolecular structure of 
collagen by Grant, Horne and Cox (1965), it was possible to show 
that the characteristic crossbanding patterns could be enhanced by lithium 
tungstate. The positions of the tropocollagen macromolecules arranged 
approximately parallel to the long fibril axis were clearly resolved in the 
presence of KPT, but there was jess detail in the band patterns. 
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It was concluded that different negative stains are capable of presenting 
different levels of information from a given specimen. Certain negative 
stains found suitable for one type of specimen may be quite unsuitable for 
another, and optimum conditions must be found by relating the morpho- 
logical features to other biophysical and biochemical data. 
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Electron Microscopy of Fixed Lipids! 
By 


W. Stoeckenius 
The Rockefeller University, New York, N.Y., U.S.A. 


With 3 Figures 


The electron microscope picture of OsOs-fixed and cross-sectioned bimole- 
cular lipid layers in water shows two parallel dense bands separated by a 
light interspace. Evidence for the preservation of the lamellar structure 
during the fixation and embedding process has given earlier [6]. Apparently 
the dense bands are caused by osmium concentrated at the hydrophilic ends 
of the lipid molecules. This conclusions has been supported by several 
independent lines of evidence [3, 4]. Quantitative studies show that enough 
osmium is bound by isolated membrane lipids to account for the observed 
contrast. A phospholipid extract from brain shows a 74% increase in mass 
upon reaction with OsO, [5]. The individual lipids after extensive purifica- 
tion give lower values: phosphatidylcholine, 34.8%; phosphatidylethanol- 
amine, 49.2%, phosphatidylserine, 46.5%; phosphoinositol, 23.9%; and 
cerebrosides, 26.0%. This may be due to preferential loss of the more highly 
unsaturaied lipid molecules during purification, but this point merits further 
study. 

The location of the osmium at the hydrophilic end of the molecule is 
more difficult to explain. Studies with pure fatty acids and their esters show 
that only the unsaturated compounds react and that the amount of osmium 
taken up depends on the degree of unsaturation [5]. However, the first 
reaction product of OsO4 with the double bonds of the fatty acids is not 
stable, and subsequent reactions of the partially reduced Os with the 
carboxyl or ester groups do occur. These reactions have been demonstrated 
through the changes in the infra-red absorption spectra after reaction with 
OsOxs. If the first reaction product of OsOs with the C=C double bond 
is stabilized by the addition of pyridine [1], no further reactions occur. 

In the case of purified phospholipids no direct reaction between OsO, 
and the hydrophilic groups can be observed, with the important exception 
of phosphatidylserine for which Finean [2] has already shown that the 
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Fig. 1. Suspension of mitochondrial lipids fixed with OsO,, unstained. 240,000. 


Fig. 2. Same as Fig. 1 but section stained with uranyl acetate and lead hydroxide. 





Fig. 3. Unit membrane structure in OsO,-fixed mitochondrial membranes after 
staining of the section as described in Fig. 2. X 240,000. 








Fp TERETE 




















W. Stoeckenius: Electron Microscopy of Fixed Lipids 217 


fully saturated compound can be fixed with OsOu. However, as in the case 
of the fatty acids and their esters, the observed changes in the IR spectra 
indicate that, after partial reduction of the OsOs at the double bond, further 
reactions with the phosphate and ester groups do occur. Here, too, pyridine 
prevents these subsequent reactions. 

In the crude brain phospholipid extract there is little if any evidence of 
these subsequent reactions at the hydrophilic groups of the molecules; only 
changes in the absorption bands attributable to the reaction with phospha- 
tidylserine were observed. Interaction between the hydrophilic groups in the 
mixed bilayer may prevent the reaction with osmium. However, only quali- 
tative spectra have been obtained, and a part of the hydrophilic groups of 
the other phospholipids may actually have reacted without causing a detec- 
table change in the spectra. 

Phosphatidylserine seems to play an important role in the appearance 
of fixed membrane lipids. It has been shown before that brain phospholipid 
suspensions in water, which contain considerable amounts of phosphatidy]l- 
serine, show clearly the triple-layered structure of the bimolecular lipid 
layers in electron micrographs. However, if the same experiment is done 
with a total lipid extract from mitochondria, which does not contain phospha- 
tidylserine but mainly phosphatidylethanolamine, phosphatidylcholine and 
cardiolipin, the layered structure is not visible in the electron micrographs 
(Fig. 1), even though X-ray diffraction shows it to be present. The layers 
can be made visible in the electron micrographs if the sections are stained 
with uranyl acetate and “lead hydroxide”, which react with the phosphate 
groups (Fig.2). This finding also explains why it is so difficult to observe 
the unit membrane structure in mitochondria. Evidently the lipids do not 
bind enough osmium ai their hydrophilic groups to give sufficient contrast. 
If tissue sections are stained in the same manner with uranyl acetate and 
“lead hydroxide”, the unit membrane structure of the mitochondrial mem- 
branes becomes clearly visible (Fig. 3). 

These results constitute direct evidence for the postulated interaction 
of osmium compounds with the hydrophilic groups of membrane lipids. 
They also show that the appearance of membranes in electron micrographs 
of OsQ,-fixed and sectioned tissues is strongly influenced by the lipid com- 
position of the membrane and lend further support to the interepretation 
of the molecular structure of cellular membranes in terms of the Danielli 


model. 
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Origin of the Unit Membrane Concept’ 
By 


J. D. Robertson 2 


Department of Neuropathology, Harvard Medical School, 
Belmont, Massachusetts, U.S.A. 


With 22 Figures 


The papers included in this volume are of two kinds. First, there are short 
ones presenting the results of recent research as presented at the Frascati 
Conference. Since, however, it was planned that the Frascati Conference 
would be the first of a series, it was felt that the collection of papers ought 
to include a few invited longer ones of a more general survey nature to 
bring the shorter papers into better perspective. I was asked to write such 
a paper dealing with the unit membrane. I accepted with some reluctance 
because I have reviewed this subject several times already in recent years. 
However, I consented to do this in the interest of making the whole volume 
more useful as a general reference to students. To those who have read other 
reviews by me in recent years, there is little new in the present article. 
It is addressed only to those who are unfamiliar with the evolution of the 
unit membrane concept. 

Current thoughts about membrane structure had their earliest origin in 
the work of Overton [i] about the turn of the century. He noted that 
certain cell membranes were more easily penciraied by compounds with a 
high lipid solubility than ones that were more polar or water soluble. This 
led him to postulate that there might be a lipid component in the mem- 
branes that affected certain features of membrane permeability. It was 
already well established from the previous century that electricity was in 
some way associated with cell membranes. Thus du Bois-Reymond in 
1849 [2] had noted that a voltage could be detected in nerves at rest. Later 
on, Bernstein in 1868 [2] realized that in the resting state a nerve or 
muscle fiber had an excess of positive ions on the outside and negative ones 
on the inside. It is relevant to point out that Matteucci in 1842 [2] had 
demonstrated a reduction in the steady potential between the cut end of 


1 Supported by Grant B-2665 from the National Institutes of Health and Grant 
B-3128 from the National Science Foundation. 

2 Present address: Dept. of Anatomy, School of Medicine, Duke University, 
Durham, North Carolina, U.S.A. 
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a muscle and its intact surface during tetanic activity. This is now under- 
standable in terms of repetitive depolarization of the fibers. Adrian in 
1911 [2] had established the all or nothing nature of the action potential of 
a nerve fiber and it was realized that this was largely a membrane phe- 
nomenon. Thus early in the present century, a concept had grown up that 





Fig. 1. Lipid molecules are indicated by a bar and circle. The bar represents the 
non-polar carbon chains and the circle, the polar ends of the molecule, A mono- 
molecular film of lipid molecules is depicted on a water surface indicated by gray 


stippling. 
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Fig. 2. A diagramatic force area curve. Force is depicted as increasing on the 

ordinant and area on the abcissa. As the force applied to the film increases, the 

area decreases until there is a break in the curve as shown. This point of discon- 

tinuity is the minimal area of the film and from it the area occupied by the head 
of each of the lipid molecules can be calculated. 

Fig. 3. Diagram taken from Gorter and Grendel [4] showing their conception 
of the lipid bilayer in a red blood cell membrane. 


there was a discrete lipid containing membrane at the surfaces of cells which 
in the case of nerves was associated with an electrical potential gradient as 
well as differential permeability to ions and other compounds. 

In 1917 Langmuir |3| published his pioneering experiments on mono- 
molecular films and provided a firm basis for our current conceptions of 
membrane structure. He showed that lipid molecules could be made to spread 
out on a water surface at an air water interface with their polar ends point- 
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ing toward the water surface, and their non-polar carbon chains standing on 
end next to the air interface. He found that it was possible to compress these 
films in such a way that the molecules came very close together with the 
carbon chains closely packed as indicated in the diagram in Fig.1. By the 
use of force area curves like that in Fig. 2, he was able to show that there was 
a definite surface pressure associated with the film. The point of maximum 
pressure before breakage is noted by the discontinuity in Fig. 2. At this point 
the molecules are as closely packed as they can be in a single monolayer. 
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Fig. 4. The original Danielli-Davson pauci-molecular membrane model [7]. 
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Above this point the film collapses as the monolayer buckles and becomes 
multilayered. The area occupied by each polar group at the maximum 
pressure before breakage was calculated from the chemical evidence avail- 
able about the structure of the molecules involved and from knowledge of 
the exact number that had been placed on the surface. 

The next step in the evolution of our ideas came in 1925 when Gorter 
and Grendel [4] published their work on the structure of human red blood 
cell membranes. They used the techniques evolved by Langmuir and 
by Harkins et al. [5] for the study of monomolecular lipid films. They 
calculated the total area of a known number of red cells and extracted the 
total lipid present. They then measured the total area occupied by the 
extracted lipids by plotting a force area curve. They concluded that there 
was just sufficient lipid in the red blood cell surface to form a bimolecular 
leaflet as depicted in Fig. 3 taken from their paper. Their results were subjected 
to considerable criticism and there were those who believed that their method 
of calculating the surface area of the red cells was not accurate and that 
the methods used to extract the lipid were not adequate for total extraction. 
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There was another source of error in that they did not take into account the 
definite degrees of solubility of some of the lipid components in water. Never- 
theless, by a fortunate combination of circumstances, their conclusions seem, 
in light of present knowledge, to have been essentially correct. 

During this period it is important to note the experiment reported by 
Mudd and Mudd 1931 [6]. They set up an oil water interface under a 
cover slip on a microscope slide and studied the behavior of human blood 
cells at the interface. They noted that red blood cells selectively entered the 
oil phase while white blood cells entered the aqueous phase. They interpreted 
their results as indicating that the red blood cell surface is hydrophobic and 
the white blood cell surface is hydrophilic. I shall refer to this experiment 
later on in considering our present concepts of the structure of the unit 
membrane. 


L: lipid Pr: protein 


Fig. 5. Diagram from W. J. Schmidt [15] showing his conception of the orga- 
nization of lipid and protein in the myelin sheath based on polarized light studies. 


During the 1930's there were several significant steps that led wp to the 
so-called pauci-molecular theory of cell membrane siructure that was 
advanced by Danielli and Davson in 1935 [7]. First, Cole dem- 
onstrated in 1932 [8] that the surface tension of sea urchin eggs was less than 
0.1 dyne per centimeter. In 1934 Harvey and Shipiro [9] measured 
the surface tension of oil droplets inside marine eggs by a very different 
technique. Cole had made his measurements by noting the force required 
to compress an egg between two thin glass surfaces. Harvey andShipiro 
measured the surface tension of oil droplets by using a centrifuge microscope 
method in which the centrifugal force required to break oil droplets into 
smaller ones was measured. Here a figure of about 0.2 dyne per centimeter 
was obtained. It was known ithat most of the oils that were present in the 
oil droplets of sea urchin eggs as well as many other lipid compounds was in 
the range of about 10 dynes per centimeter. These oil droplet surface tension 
figures were, therefore, difficult to account for in terms of a model such as 
that proposed by Gorter and Grendel. Danielliand Harvey in 
1935 [10], performed some experiments involving the surface tension prop- 
erties of mackeral egg oil and proposed that the low surface tension might 
be due to the presence of protein at the oil water interface. This led directly 
to the proposal in 1935 [7] of the model shown in Fig. 4 which is the original 
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Danielli-Davson model. According to this, the cell membrane was conceived 
to have a lipid core with the polar ends of the lipid molecules pointing out- 
ward and covered on each side by a monomolecular film of protein. They 
did not specify the total number of lipid molecules present because there was 
nothing in their evidence that allowed them ito do so. There was, however, 
some evidence in the literature at that time concerning the electrical capacity 
of some cell membranes and this was found to be about one microfarad. It 
was also known thai the electrical resistance of the membrane was about 
1,000 to 100,000 Ohms. In the case of some cell membranes, it was possible 
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Fig. 6. Diagram from Schmitt, Bear and Palmer [18] showing four possible 
arrangements of lipid and protein in the repeating unit of the myelin sheath. The 
lipid non-polar chains are indicated by the tuning fork symbols. 


to say from the measured capacity that the thickness of the membrane 
probably did not exceed 100 A. However, there were measurements of elec- 
trical capacity of certain membranes, notably of skeletal muscle fibers 
in which the values of the membrane capacity were such as to suggest a much 
greater thickness. 

In 1940 Waughand Schmitt [11] made some direct measurements of 
the thickness of red blood cell membranes using an instrument called the 
“analytical leptoscope”. This involved essentially a comparison of the re- 
flectivity of a glass surface on which ia membrane was dried. They used the 
methods that had been developed by Langmuir and Blodgett [12] 
for making step films of barium stearate. In these films barium stearate is 
built wp in steps on a glass slide with each step involving the addition of 
only one monomolecular film. The reflectivity of each step varied in a linear 
fashion and the analytical leptoscope was essentially an imstrument which 
allowed a comparison to be made between the reflectivity of dried red blood 
cell ghosts on a glass slide and the reflectance of a Langmuir-Blodgett step- 
film. They concluded from their studies that the fresh washed red cell ghost 
membrane measured about 220 A in thickness and that after lipid extraction 
it measured about 120 4. The difficulty with this method, of course, was the 
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problem of removing all non-membranous elements that remained attached 
to the membranes in the preparation of the red cell ghosts. The values 
obtained were believed to be high because of this difficulty. 

Earlier, Sch miit. Bear and Ponder in 1936 [13] had studied the 
optical properties of the red blood cell membrane in polarized light and had 
demonstrated that there was a detectable radially positive birefringence. Some 
years later, Mitchison [14] studied the properties of red blood cells in 
polarized light more extensively and concluded that the radial positivity 
was due to folded protein chains arranged radially in a layer of the order 
of 0.1 to one micron in thickness. It now appears, however, that this is not 


Table 1. Chemical Composition of Purified ‘‘Light” and ‘ Heavy’? Myelin. 
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CHCl3: CH30H insoluble | 
residue, % dry wt. 1.1 | 0.8 — |. 36) 56 4.7 | 5.8 
Proteolipid protein, % dry wt. | pa 21.1 | 216 | — | 22.2 | 21.3 | 23.9 | 23.7 
Total lipid, % dry wt. | 977.7 | 77.8! 776 | — | 74.2 | 73.4 | 71.4 | 70.5 
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Cholesterol, % of total lipid | 25.9 | 26.8 | 28.3 | 25.8 | 24.4 | 25.9 | 28.2 | 25.1 
} | 
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Galactolipids, % of total lipid 29.8 | 29.7 | 319, — | — | 294 | 293 
Phospholipids, % of total lipid 42.3 | 43.0 | 43.6 | 42.6 | 41.4, — | 423 | 44.1 
Plasmalogens, % of total lipid | — 12.5 | 13.4 | 15.5 _ =: 13.6 | 13.8 


\ 


so and that ‘the birefringence detected by Schmitt, Bear and Ponder 
probably was produced by the lipid molecules of the membrane. However, 
there still remains the possibility that there is a protein component attached 
to the red cell membranes that has detectable radially positive birefringence 
that simply adds to that of the lipid. 

I would like now to turn to another line of evidence relating to the problem 
of cell membrane structure that at first was not quite so direct in its rela- 
tionship as we now know it to be. As a result of the studies of 
W. J. Schmidt [45] and of F. O. Schmitt and his collaborators [16, 
17, 18] in the late 1930's it was established that the optic axis of nerve myelin 
was radial and that there was intrinsic positive radial birefringence. This 
positive radial birefringence was found to reverse in sign upon treatment 
with lipid solvents [19]. From such lines of evidence, W. J. Schmidt 
concluded in 1937 [15] that the myelin sheath was constructed of alternating 
layers of lipid and protein as indicated in the diagram in Fig.5. In 1935, 
Schmitt, Bear and Clark [16] obtained the first small angle X-ray 
diffraction patterns from myelin. They found that the radial repeat period 
in fresh frog myelin was 171 A and in mammalian myelin was 186 A. It was 
known from various chemical studies that myelin contained lipid and a 
protein called neurokeratin. Thus in 1942, Schmitt, Bearand Palmer 
[18] were able to postulate that the radial repeating unit in the myelin sheath 
must contain two bimolecular leaflets of lipid with associated monolayers 
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of protein of the general type shown in their diagrams in Fig.6. There were 
a number of possibilities for the specific arrangement of the lipid and non- 
lipid components any one of which would have satisfied the X-ray data then 
available. 

More recent chemical analyses of myelin have established more fully the 
nature of the lipid and non-lipid components that are present. It is known 
that the lipids are mainly phospholipids, cholesterol, galactolipids and 
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Fig. 7a. Electron density plot for the repeating unit in rat sciatic myelin from 
Finean and Burge [26]. The two deep throughs occur in the location of the 
two unit membranes. The origin “o” is at the center of the intraperiod line. 


Rat. sciatic (1804) 





“ads, PM-— Phospholipid 


Fig. 7b. Idealization of the electron density curves for the myelin layer of rat 
sciatic nerve in which the location of the lipid bilayers in the central portions of 
the two unit membranes are indicated very schematically. 


plasmalogens, sphingo myelin and insositol phosphatides. The principal 
phospholipids are phosphatidy!] choline, phosphatidyl! ethanol amine, phos- 
phatidyl serine. Tables 1 and 2 summarize the lipid composition of myelin 
as determined by two recent investiyations [20, 21]. 

The protein component of myelin called neurokeratin in the older litera- 
ture was shown by F olc hand Le Baron [22] to be a degradation product 
of ja protein which they were able to characterize more fully and show to be 
a component of a class of lipoproteins referred to as proteolipids. Proteo- 
lipids are operationally defined as a kind of lipoprotein which is extractable 
from tissues by a mixture of chloroform and methanol in the ratio of 2: 1. 
Most lipoproteins are water soluble, but this kind of lipoprotein is not and 
for this reason the term proteolipid was invented. The chemical composition 
of proteolipids has been extensively studied. The lipid components are very 
similar to those of myelin and indeed, in the most pure myelin fractions 
almost 100% of the protein is proteolipid protein. Recently, as the result 
of work by Matsumoto and Matsumoto [23] and Tennenbaum (24, 

Protoplasma, LXIII/1—3 15 
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it has been found possible to remove the lipid component leaving behind 
the protein in an undenatured state in the sense that ‘it is still chloroform- 
methanol soluble. It is, however, very easily denatured by heat, some drying 
procedures, etc. The protein is also water soluble and this opens up numerous 
kinds of physical, chemical and biophysical studies that are now just begin- 
ning. The amino acid composition of a sample of such proteolipid protein 
is given in Table 3 [25]. This proteolipid protein may turn out to be a 
structural protein of significance in all membranes. 
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Fig. 8. Diagram from Finean [28] showing his conception of the arrangement 
of molecules in the radial repeating unit of myelin. 


Recent X-ray diffraction studies of nerve myelin have led to a refinement 
of the early models proposed by Schmitt, Bear and Palmer (Fig.6) 
and a plot of the electron density distribution in the repeating unit has now 
been made to a resolution of about 30 A. This was done independently by 
Fineanand Burge [26] and by Moody [27]. The electron density plot 
of the repeating unit given by Finean and Burge is shown in Figs.7 a 
and 7 b. From the known density of the protein and lipid components present 
in the myelin sheath, it is now possible to say that the general arrangement 
of ithe lipid and non-lipid components given in Fig. 8, taken from an earlier 
paper by Finean [27], is essentially correct. It should be noted that the 
detailed arrangements such as the shape of the sphingomyelin molecule and 
position of cholesterol given in the diagram remain purely speculative. 
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Despite its limitations the electron density plot now provides the strongest 
evidence of the general correctness of the model even though it was first pro- 
posed by F ine an inthe mid 1950's [28] before the recent X-ray diffraction 
evidence was available. The model resulted from a consideration of the 
earlier X-ray findings of Schmitt et al.; newer results of Finean and 
coworkers as well as evidence which was derived exclusively from electron 
microscopy. In fact, it seems fair to say that, in this instance, the electron 
microscopic evidence provided the best basis for the model when it was 
originally advanced and we thus have one instance in which direct electron 
microscopic evidence has led to a molecular model which has been sub- 
sequently confirmed by X-ray diffraction. This is not a unique situation, 
however, since the interplay of electron microscopic and X-ray diffraction 
studies involved in the evolution of our current ideas of muscle structure 
provide another instance in which it is difficult 1 say which line of evidence 
was most important. 


I should like to turn now more specifically to the electron microscope 
studies of nerve myelin and indicate how they are related to the evolution 
of the general molecular model and to the general problem of membrane 
structure. It was assumed by Schmitt and his coworkers in the late nine- 
teen thirties as well as others working in the field that problems of nerve 
myelin structure were relevant to those of cell membrane structure because 
myelin seemed to be in some way related to membrane phenomena. It was 
clear, for instance, that its presence had something to do with conduction 
velocity in peripheral myelinated fibers. However, the exact way in which 
it was related could not be explicitly stated until certain electron microscope 
studies had been completed. The first step in understanding the morpho- 
logical problems came, not from electron microscope studies of myelin, but 
rather from studies of non-myelinated nerve fibers carried. out by Gasser 
in the early 1950's. After a long and fruitful career in physiology, Gasser 
turned his hand to electron microscopy about 1950 because he wanted to 
know something about the structure of “C” fibers. Up to that time, it had 
been believed that “C” fibers, or non-myelinated peripheral nerve fibers, 
consisted of bundles of axons which were enclosed in syncytial Schwann cells. 
The Schwann cells were conceived to be arranged as very long syncytial 
tubes. The axons were thought to be completely included in the syncytial 
cell masses. However, in 1952, at the Cold Spring Harbor Symposium [29], 
Gasser gave the first report of his findings and showed that the axons 
were not isolated within the Schwann cells, but rather that each was con- 
nected to the outer surface of the Schwann cell by a tenuous membranous 
structure which he conceived of in gross morphological terms as being a 
kind of mesentery, not unlike that which connects the intestine with the body 
wall in vertebrates. He therefore, invented the term “mesaxon” for this 
special structure. Subsequent studies by Gasser with the assistance of 
Palade [30], resulted in the clear demonstration that the mesaxon con- 
sisted simply of the Schwann cell surface membrane invaginated and ex- 
tended to enclose the axon completely. Later on it was shown by the 
author [31] that Schwann cell membranes consist of a pair of dense lines 
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each about 20 A thick separated by a light central zone about 35 A across 
to which the special term “unit membrane” was applied. The relationships 
of the unit membranes in non-myelinated nerve fibers are as shown in Fig. 9. 
As the diagram indicates, non-myelinated nerve fibers consist of Schwann 
cells with which axons are related in the variety of ways shown. Some of 
the axons simply lie in apposition with the Schwann cells while others are 
pushed down into them to varying degrees. With the ones lying deepest, 
the two enveloping sheaths of Schwann cytoplasm come together so that 
their membranes lie in close apposition to make the mesaxon. In adult fibers 


axon-Schwann memb. 


Fig. 9. Diagram of a vertebrate unmyelinated nerve fiber. See text. 


there is a remarkable uniformity in the spacing between the two Schwann 
cell membranes iin the mesaxon where they are separated by about 100 to 
150 A. This separation is also seen between the Schwann cell membrane and 
the axon membranes. There is thus a direct pathway between the surface 
of the axon and the outside by means of this inter-membrane gap. The gap 
is continuous with extracellular substance. There is a condensation of extra- 
cellular material around the Schwann cell that is of variable thickness and 
variable density depending upon how the material is treated. This is shown 
by the light stippling in Fig.9 which depicts the appearance of the so-called 
‘basement membrane” or “basement lamina”. The drawing was constructed 
mainly from observations of permanganate fixed material and the basement 
lamina was accordingly somewhat de-emphasized. It is much more prominent 
in OsO, fixed material and with lead staining its prominence is further 
enhanced. There are good reasons to believe, because of staining character- 
istics, that the basement lamina iis a condensation of extracellular substance 
with a high content of mucopolysaccharides. In my opinion, its substance 
grades off imperceptibly into the extracellular continuum and also into the 
gap in the mesaxon and the space between the axon and the Schwann cell 
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membranes. I thus conceive of the gap substance as being related to the 
basement membrane substance and the general intercellular matrix. Thus 
it is probably high in mucopolysaccharide and mucoprotein. There is also 
good evidence for assuming that it is about 90% hydrated as | shall indicate 
later. 





Fig. 10. Reproduction of the first micrograph showing an outer and inner mesaxon 
in a myelinated nerve fiber. This was obtained by the author in 1954 [45]. 
Mag. 176,000. 


In 1954 Geren [32] began a study of the formation of nerve myelin 
in chick peripheral nerves. At early stages before the appearance of myelin, 
she observed that there were numbers of non-myelinated nerve fibers having 
the general structure established by Gasser but in which there was only 
one Schwann cell per axon. This led her to postulate that myelin might, 
in fact, simply be formed by spiral winding of a mesaxon around the axon 
with condensation into the compact myelin structure. This was a very 
interesting hypothesis, but on the evidence available at the time, it was quite 
possible that non-membranous components were laid down between the 
membranes of the mesaxon loops as myelin formed even if the spiralling 
of the mesaxon was continued during development. The first step in estab- 
lishing this hypothesis came with demonstration of an outer and an inner 
mesaxon attached to compact myelin in a lizard myelinated nerve fiber from 
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the author's laboratory a few months after Geren’s hypothesis was ad- 
vanced. The original micrograph is reproduced in Fig. 10. The relationships 
observed in this micrograph strongly suggested that myelin was formed by 
a continuing elaboration of the spiral mesaxon seen in intermediate fibers. 
It was also important in this connection that the outer mesaxon entered the 
myelin in a direction opposite to that of the inner mesaxon. It was also 
possible from the relationships observed to state with reasonable certainty 
that no extra-membranous material was laid down in the cytoplasm be- 
tween the mesaxon loops as the myelin sheath evolved. This was apparent 
from the fact that the major dense line measured only about 30 A in thick- 
ness and was formed by the intimate apposition of one of the Schwann cell 
membranes of the mesaxon with the compact myelin. It was not possible at 
the time, however, to state with certainty that the myelin was made only of 
Schwann cell membrane material because the Schwann cell membranes were 
very fuzzy in appearance and of indefinite thickness. The relationship of 
the membranes to the intraperiod line of the repeating myelin structure 
could not be made out with clarity partly because the Schwann cell mem- 
brane at the surface of the Schwann cell externally was very fuzzy and 
indefinite in appearance. It was apparent that it measured less than 100 A 
in thickness but the problem was how much less. In some places, it seemed 
to measure well under 50 A. The possibility thus remained that extra- 
membranous material might be added between the outside surfaces of the 
mesaxon membranes as myelin evolved. 

The solution of the problem awaited the development of permanganate 
fixation by Luft [33] who independently rediscovered it in 19563 as a 
suitable fixative for membranous structures. Although the typical unit 
membrane pattern had been seen in our laboratory in 1954 in squid nerve 
fibers after OsO, fixation and methacrylate embedding, this appearance 
was not usually seen and its importance was not at first appreciated. It 
was only after it was seen in the mesaxon in relation to myelin that its 
significance became clear. 

As soon as we began to use permanganate as a fixing agent, and araldite 
for embedding, the unit membrane pattern appeared regularly in all our 
electron micrographs. Fig. 11 is a micrograph of a human red blood cell that 
shows the unit membrane at its surface. Fig. 12 shows the two unit mem- 
branes of a mesaxon in a non-myelinated nerve fiber and Fig. 13 shows the 
relationships of the two unit membranes to compact myelin in a myelinating 
mouse sciatic nerve fiber. Such micrographs as this allowed meaning to be 
attached to the unit membrane pattern and indicated that this pattern, of 
the various ones observed in membranes was a significant one. They showed 
conclusively that the intraperiod line of myelin was formed by the intimate 
apposition of the two outside dense strata of the unit membranes tucked in 
at the surface of the Schwann cell to make the mesaxon. They confirmed 
ihe fact, suggested by OsQOs fixation, that the major dense line is formed 
by the intimate apposition of the two inside dense strata of the trilaminar 


3 Permanganate was originally described as a fixative for nerve in the last 
century by Bethe. 
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unit. The important conclusion was then reached that extra-membranous 
material was not included during the formation of myelin for there was 
room only for the observed membrane material. Indeed, there is, if anything, 
a slight contraction of the unit membranes as they enter the compact myelin. 
It was apparent from these electron microscopical studies that the repeating 
unit in the myelin sheath was simply the mesaxon and nothing else. It was 





Fig. 12. Portion of a nonmyelinated nerve fiber in mouse sciatic nerve showing the 

unit membrane of the axon and of the Schwann cell. A portion of a mesaxon 

appears in the upper center. Note the gap between the two unit membranes. 
Mag. 128,000. 


further apparent on grounds of symmetry that this must correspond to the 
radial repeating unit detected in myelin by X-ray diffraction studies. To 
be sure, the dimensions were reduced because of shrinkage during the pre- 
paratory procedures. The exact degree of shrinkage involved was studied 
by Finean [34] and later by Fernandez-Moran and Finean [35] 
by a combined X-ray diffraction and electron microscopic study that was 
of value in supporting the belief that the reduction in the radial repeat 
from about 170—185 A to about 100-120 A was due to shrinkage during pre- 
paration. Fig. 14 summarizes the steps in the formation of nerve myelin and 
have been worked out mainly from studies of mouse sciatic nerve fibers 
during the first few days after birth. 

From the above, it was possible to make some deductions about the under- 
lying molecular arrangement responsible for the unit membrane pattern. 
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The dimensions and the relationship to myelin allowed one to say that the 
underlying molecular pattern was likely to be one of the three patterns in 
Fig. 15 a—c. As far as the chemical and biophysical evidence went, at that 
time one could not choose between these three possibilities. However, studies 
of model systems of pure lipids and proteins soon pointed to the correct 
choice in the late 1950's. It was well known that protein molecules, after 
fixation, embedding and sectioning appeared as rather uniform densities in 
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cytoplasm Schwann 


ytoplasm 
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membrane Sr unit gap unit 
gap membrane membrane gap membrane 
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Fig. 14. Diagram summarizing the steps in the formation of nerve myelin. The 

mesaxon is shown at “m.” Note that the intraperiod line originates from apposition 

of the two outside surfaces of the unit membranes of the mesaxon and the intra- 
period line by apposition of the cytoplasmic surfaces of the mesaxon loops. 
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Fig. 15. The appearance of the unit membrane in electron micrographs is shown 

to the left with the approximate dimensions. Three possible molecular configura- 

tions are shown in a, b and c. The zig-zag lines represent non-lipid monolayers; 

the circles represent lipid polar heads and the bars represent the non-polar carbon 
chains of the lipid molecules. 


electron micrographs, as, for instance, in collagen fibers or myofilaments. 
Note, for instance, the rather uniform density of the crystal of chymo- 
trypsinogen in Fig. 16. 

This specimen was fixed, embedded and sectioned in the same way that 
a tissue specimen would have been handled. Of course, present day methods 
might be expected to yield some signs of internal structure in such a crystal, 
but this preparation was characteristic of the ones available at the time 
before 1960. The picture obtained from a lipid specimen was, however, at 
that time as at the present time, radically different. Instead of a more or 
less uniform density or granular appearance, the lipid specimen appeared as 
a system of regular repeating dense and light lines as in Fig. 17 which shows 
a specimen of egg kephalin fixed with OsO.1 embedded in araldite, and sec- 
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tioned. The dense lines here repeat at a period of about 40 A. This repeat 
period is about the same as the one found im such specimens by X-ray dif- 
fraction. The general molecular arrangement of such lipids is known to 
be like that shown in Fig. 18 a. This is the most common form in which such 
lipids exist. It is called the smectic state. Clearly, the dense lines seen in the 
electron micrographs must represent either the polar ends of the lipid mole- 
cules or the non-polar ends of the carbon chains as indicated in b and c 
respectively. On the basis of the evidence that we had at that time, any 
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Fig. 18. Lipid molecules as in Fig. 15. “b” and “c” respectively show the possible 
location of the dense strata in micrographs such as that in Fig. 17 in relation to 
the polar and non-polar carbon chains of the lipid molecules. 


one of the three diagrams indicated in Fig. 15 a—c could explain the unit 
membrane pattern as observed in Fig.15a providing certain assumptions 
were made. First, the evidence seemed quite adequate to allow us to assume 
that protein or other non-lipids spread in a thin film would, in fixed and 
embedded material, appear as a thin dense stratum. From Figs. 16 and 17 it 
was Clear that either the aligned polar heads or the non-polar carbon chains 
of a lipid monolayer would also appear as a thin dense stratum. If we 
assumed that the polar heads would appear dense, model “a” (Fig. 15) could 
be correct since the dense strata from both the lipid and non-lipid would 
summate. If we assumed, conversely, that the non-polar chains would appear 
dense, “b” in Fig. 15 could also be correct. However, with either assump- 
tion “ce” could be eliminiated because we should either see this as a single 
dense stratum or as three closely spaced dense strata each separated by light 
bands. Since this was never observed model “c” was readily eliminated. It 
was evident at this point that we could decide unambiguously between 
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models “a” and “b” if we could decide between the two alternative inter- 
pretations of the dense bands in Fig. 17 as indicated in Fig. 18. 

We set about the solution of this problem by taking advantage of an 
experiment done by Schmitt, Bear and Palmer in 1942 [18]. This 
is illustrated in Fig.19. They showed that a lipid in the smectic state as 
illustrated in Fig. 19a when hydrated, could be caused to split off into 
individual bimolecular leaflets as indicated in Fig. 19 b in a reversible fashion. 
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Fig. 19. Diagram taken from Schmitt, Bear and Palmer [18] showing lipid 

molecules arranged in bilayers in the smectic state. In “a” water is excluded and 

the bilayers are closely approximated, in “b’” water has entered along the polar 

heads of the molecules splitting off individual bilayers and increasing the repeat 
period as detected by X-ray diffraction from 63.7 A to 127 A. 


We reasoned that if we could cause the lipid specimen in this state to become 
hydrated, we should be able to fix the individual bimolecular leaflets of lipid 
and reveal them in sections by electron microscopy. It was clear that if we 
could do this, and we found for each bimolecular leaflet a single dense line, 
we would have to choose the alternative interpretation illustrated in Fig. 18 b. 
Fig. 20 shows a specimen which was hydrated during fixation. Each bilayer 
of lipid appears as a pair of dense lines making up a unit about 60 A thick, 
appearing very much like a unit membrane, although thinner. This allowed 
us, then, to conclude that lipid molecules, in interacting with our fixing 
agents, develop densities at their polar ends. From this we were able to 
eliminate model “b” in Fig.18 and choose the one in “a” as the only one 
which fitted all of the facts. It was this analysis that was primarily respon- 
sible for the unambiguous choice of the kind of molecular diagram for the 
repeating period in nerve myelin that is indicated in Fig.8. Subsequent 
analysis has confirmed this interpretation with the partial solution of the 
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X-ray diffraction problem in more recent years [26, 27]. However, the electron 
microscopic evidence in the late 1950's was quite adequate to allow this 
conclusion to be reached with a high degree of certainty. It should be pointed 
out that this conclusion from model studies was very elegantly confirmed by 
a similar study by Stoeckenius [36] in correlation with some X-ray dif- 
fraction studies by Luzzati and Husson [31] in 1962 even though an 
earlier study by Stockenius published in 1959 [38] reached contradictory 
conclusions. 
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Fig. 21. Fig. 22. 








Fig. 21. Diagram of the electron microscopic appearance of myelin at its junction 
with the mesaxon to the lefi. To the right is superimposed the molecular diagram 
reduced partly by X-ray diffraction and partly from the studies of model systems 
by electron microscopy. 
Fig. 22. Molecular diagram of the general pattern of organization of the unit 
membrane. The bars represent non-polar carbon chains of lipid molecules with the 
circles representing their polar heads. The zig-zag lines represent monolayers of 
non-lipid of two different kinds. It is not intended to exclude interpenetration of 
the lipid carbon chains. This is not shown in the diagram for simplicity. Indeed, 
some degree of interpenetration of the lipid carbon chains is very probable. 


With all of these facts in hand, it was possible to take the molecular 
diagram for the radial repeating unit in myelin that was postulated by 
Finean im Fig.8, combine it with the electron microscope observations 
as indicated in Fig. 21, extrapolate out to the Schwann cell surface and say 
that the molecular pattern responsible for the unit membrane image was 
that indicated in the diagram. This led directly to the postulate that the 
underlying molecular configuration of the unit membrane structure was 
that shown in Fig. 22. 

This diagram is in many ways similar to the one proposed by Danielli 
and Da vson in the 1930's but it should be noted that it resulted from a com- 
pletely independent line of work, drawing mainly on evidence derived from 
electron microscope studies. In a sense, it had its roots in common with the 
Danielli-Davson model in the work of Langmuir. But it was arrived 
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at by a very different pathway and thus should be considered as an inde- 
pendent model. This is not to say that it does not provide confirmation of 
the general correctness of the Danielli model. It does indeed do this, and in 
addition, it provides ceriain new facts that take us a little further in under- 
standing the molecular organization of membranes. Most importantly, it 
sets a limit on the number of lipid molecules in the membrane to a single 
bilayer. Another important additional feature that it introduces iis the notion 
of chemical asymmeiry in the membrane. To be sure, chemical asymmetry 
could be implied from the early electro-physiological studies, even those 
dating back to Bernstein. However, we now have definite structural 
evidence of chemical asymmetry. This is established simply from the fact 
that the radial repeating unit detected by X-ray diffraction must include two 
unit membranes instead of one. This means that the outside surfaces and 
the inside surfaces of the membrane must be significantly different in chemical 
terms. This difference is manifested in the electron micrographs of sections 
of myelin by the different appearance of the major dense line and the intra- 
period line. This difference clearly results from a difference in the reactivity 
of the components of the inside and outside surfaces of the membrane with 
fixing agents. The other important feature that was added is the limitation 
of the thickness of the non-lipid monolayer in the fundamental unit. If the 
Schwann cell membrane iis to be taken as a general type of membrane, then 
the thickness of the non-lipid monolayers cannot exceed 20—30 A, for any 
thicker layers than this simply cannot be packed imto the myelin sheath along 
with the lipids that are known to be present. This thickness limit does, how- 
ever, suggest that only one monolayer of non-lipid is present at each surface 
of the fundamental unit. The exact state of the non-lipid components in 
terms of primary, secondary or tertiary structure has not yet been worked 
out. From the fact that the optic axis of the myelin sheath lies in the radial 
direction, we can say however, that the non-lipid myelin components do not 
have a preferred orientation. This is not to say, however, that they cannot 
have order. For example, hexagonal symmetry is compatible with an optic 
axis in the radial direction. The radially positive intrinsic birefringence 
however, strongly supports the lamellar arrangement of the lipid and indeed, 
the X-ray diffraction evidence im its present state provides quite good 
additional evidence. 


There are several good reasons for believing that part of the chemical 
asymmetry of the unit membrane is attributable to a relatively high content 
of mucopolysaccharide or mucoprotein and perhaps glycolipids in the outer 
surface of the membrane bordering on extracellular material. While there 
is not yet definitive proof that this is so, there are several suggestive lines 
of evidence. In the first place, permanganate is a better general fixative for 
polysaccharides than OsO.. It tis also a better fixative for the outer half of 
the unit membrane. It was this feature that first suggested the presence of 
polysaccharide components in the outer half of the unit membrane. Other 
features that suggest this, however, do exist. There is very good histochemical 
evidence that the gap subs‘ance present between pairs of unit membranes, in 
some tissues at least, has histochemical staining properties indicating the 
Protoplasma, LXIII/i—3 16 
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presence of mucopolysaccharides. In addition, the two outside membrane sur- 
faces united in myelin to make the intraperiod line may be readily split 
apart by soaking myelin in distilled water. They may be brought back to- 
gether again by immersing the myelin in a dilute salt solution. By contrast, 
the surfaces united at the major dense line do not come apart under this 
treatment. This behaviour is not unlike that of a polysaccharide gel [39]. 
Another kind of evidence depends on immunological studies which have 
suggested that some of the immunological properties of cell surfaces exposed 
to the outside are dependent on a polysaccharide component and glycolipids. 
The blood group substances, for instance, are well known to contain a ‘poly- 
saccharide element. These are most probably located in the outside surface 
of the unit membrane of red blood cells. Most all of these various bits of 
evidence seem to be most compatible with the assumption that the external 
surface of the unit membrane contains a polysaccharide element in the form, 
perhaps, of a mucoprotein and perhaps a glycolipid element. This may very 
well account for the structural chemical asymmetry evident in the myelin 
sheath as well as in other membranes by fixation characteristics. 


It was, of course, necessary to establish that the unit membrane patterns 
observed in electron micrographs at the surface of the Schwann cells in 
relation to myelin was not a peculiarity of the Schwann cell. We satisfied 
ourselves that this was the case in the late 1950's by conducting extensive 
surveys of a number of different types of tissues from many different organs 
and from many different animals, even of different phyla [40]. The pattern 
was demonstrated both with KMnOs, and OsOs fixation, although the latter 
method required several years of evolution of the technique before the unit 
membrane pattern began to appear consistently. The pattern is now fairly 
regularly seen after glutaraldehyde fixation followed by OsO, and it has 
been demonstrated in all membranous cell organelles and shown to be regu- 
larly present not only in animals bui in plant cells. It thus appears to 
be a universal biological constant. It should be understood, however, that this 
is not meant to imply that the structure is a rigid one which never varies. 
Obviously membranes have specificity. It is known that the chemical com- 
position of different membranes is quite different. The particular molecular 
species that make up any given membrane may vary considerably. We do 
not yet know whether there is any arrangement of particular molecular 
species that is common to all membranes. There may be some common 
structural protein or structural lipo-protein that is of general occurrence 
at least in a particular species. However, it does appear on the basis of the 
evidence that has been outlined that the general patiern of organization of 
cell membranes embodied in the unit membrane concept is constant and 
general. It is possible that local variations in the pattern of organization 
may occur, such as phase changes in the lipid bilayer with rearrangements 
of the lipid molecules occurring in certain regions, rearrangements of the 
kind postulated by Sj6strand [41] on the basis of the work of Luzzati 
and Husson [37] and of Stoeckenius [36] and this is a topic on which 
much current activity is centered. However, at the present time, there is no 
positive evidence that such phase transformations ever occur in lipo-protein 
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systems either in vitro or in vivo. It is quite certain that such changes have 
not been demonstrated in nerve myelin. Correlated biophysical studies by 
electron microscopy, polarization optics and X-ray diffraction have also 
been carried out in our laboratory on intact retinal rod outer segments where 
stacks of unit membranes are found making up the regular lamellae of the 
visual receptors. Our evidence fails to support a globular phase transfor- 
mation in the membrane lipids in the intact rod lamellae. However, some 
question has been raised by the work of others [42] as to whether or not 
globular phase transformations may occur in the ROS membrane lipids. 
Evidence attributable to such changes has been found in X-ray and EM 
studies of extensively degraded ROS membranes. While our own studies 
do not support the presence of such transformations in intact ROS mem- 
branes, we have seen evidence of lipid rearrangements occurring in retinal 
rods after prolonged exposure to the X-ray beam that could be related to 
such phase transformations. We attribute these changes to degradation and 
all our evidence at present is against the occurrence of such phase transitions 
as a widespread or general feature of any unit membranes. It would be 
beyond the scope of the present paper to proceed further into this topic and 
I shall not undertake to do so because I have recently considered it at some 
length in two other articles [43, 44]. Suffice it to say that at the present time 
the general arrangement of the lipid and non-lipid components depicted in 
Fig. 21 still appears to express the most general pattern of molecular organi- 
zation of all living membranes. 
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For X-ray diffraction studies one requires a repeating pattern of structure 
that is both regular and extensive and the diffracting system must constitute 
a large proportion of the specimen exposed to the X-ray beam. A few mem- 
brane systems fulfil the requirements in the natural state. So far the nerve 
myelin sheath has provided the most detailed X-ray diffraction patterns, 
and these have been interpreted (Finean and Burge 1963) to provide an 
outline of molecular organization that may be of general significance in mem- 
brane structure. Electron microscope studies of mammalian tissues indicate 
that retinal rods and cones should provide a diffracting system if the retina 
can be suitable exposed. In some tissues such as muscle and kidney, mito- 
chondria tend to be elongated, aligned, and close packed, and the tristae fairly 
regularly and closely spaced so as to provide a possible diffracting system, 
but diffraction studies of mitochondria in intact hydrated tissue have not 
yet been reported. The studies reported by Worthington (1960) were 
of mitochondria in iniact but dried insect flight muscle. 

In the intact tissue most membranes are not sufficiently close-packed to 
provide an effective diffracting system, but in many cases it is possible to 
isolate them by cell fractionation techniques and to concentrate by ultra- 
centrifugation. In such procedures the first requirement is to isolate in a 
relatively unmodified state. In the case of mitochondria, where the regularity 
of spacing of the cristae might provide a lamellar diffracting system, the 
preparative procedure appears to produce a swelling and distortion of the 
cristae, which would reduce the effectiveness of diffraction techniques. Studies 
of the birefringence and of electron micrographs of freshly isolated retinal 
rods and cones have demonstrated a preservation of structural regularity, and 
the failure of Sjéstrand and myself to record low angle diffraction 
patterns from such preparations more than 12 years ago was probably due to 
our inability to maintain the structural order in the preparation during the 
long exposure time required. The only success we had was with osmium 
tetroxide-fixed rods and cones (Finean et al. 1953). This would, of course, 
reduce the structural breakdown but would also introduce shrinkage and 
changes in density distribution. 
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Other membrane components occur as isolated units rather than as multi- 
lamellar particles, and although concentration by ultracentrifugation may 
provide a sample which would enable regularities within the individual 
layers to be detected, our experience is that it does not provide a close- 
packing of membranes from which lamellar diffraction can be obtained. 
For instance, red cell membranes remain very loosely packed and muscle 
microsomes form a fairly close-packed system of predominantly spherical 
vesicles (Finean and Martonosi 1965). 

A close-packed lamellar system can be formed by dehydration, but the 
problem here is to control the drying so as to produce a close-packing of the 
membranes but to avoid the structural modifications that result from com- 
plete dehydration. There is some published X-ray diffraction data on dried 
membrane preparations (Finean 1960, Worthington 1960,Silves- 
ter 1964), and we have a good deal of unpublished data. The most detailed 
patterns are again obtained from nerve myelin. The low angle reflections are 
indicative of a multiphase system, and both lipoprotein and lipid phases 
can be identified. Electron micrographs show at least two types of layered 
system in the dried nerve preparation. The diffraction patterns from other 
dried membrane preparations are not so detailed or well-defined, but again 
diffraction bands which can be most readily identified as arising from residual 
membrane and lipid phases can be detected, while corresponding electron 
micrographs reveal at least two types of layered system. 

The diffraction patterns of greatest significance in relation to the intact 
hydrated membranes should be obtained when dehydration has been limited 
to that required to produce a close-packed system but with minimum de- 
hydration of the membrane itself. Some current studies are concerned with 
this particular possibility. 
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From the beginning I want to point out that I do not belong to the union 
so overwhelmingly represented here. I do not believe that we are justified in 
considering that there is only one particular type of structural organization 
of cellular membranes or that we know with any certainty what the actual 
structure is. This caution becomes rather justifiable when considering the 
observations of Dr. Luzzati and collaborators in pure systems of amphi- 
files in water, according to which several different configurations of the soap 
molecules occur, any particular configuration depending on concentration of 
the amphifile and on the temperature. 

It is not possible to draw any direct conclusions from Dr. Luzzati's 
observations as to what structural arrangement is most probable or what 
phase transitions are likely to occur in the almost two-dimensional lipo- 
protein systems of the cellular membranes, where lipids constitute only about 
30% of the dry weight of the membranes. These observations indicate, how- 
ever, the possibility that the structure of cellular membranes might well be 
rather labile and, as pointed out by D. Luzzati at the Symposium on 
The Interpretation of Ultrastructure in Bern in 1961, might 
be drastically changed in the process of preparing specimens for electron 
microscopy. He pointed out at that time that the procedures used in electron 
microscopy, involving dehydration of the tissue, possibly would favor the 
transformation of the membrane structure to the most stable configuration, 
which is that of a bimolecular leaflet. 

It is my intention to report on some observations that we have made which 
indicate a more complex structure of certain cellular membranes than that 
of the bimolecular-leaflet structure proposed by Da vson and Daniel li. 
These observations should fulfil the purpose of opening our minds to con- 
sider several alternatives with respect to membrane structure and to get 
away from a sterile dogmatic concept. 

Various types of membranes also appear to be struciurally different, as 
determined by differences in dimensions and in structural patterns. Func- 
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tionally it appears justifiable to distinguish between two categories of.mem- 
branes. The one category represents membranes the function of which is 
primarily that of controlling the composition of the medium of the space 
bounded by the membrane by means of characteristic permeability properties. 
The plasma membrane belongs to this category. The other category is re- 
presented by membranes that are primarily associated with a particular 
enzymatic function. In this case the membrane structure allows a certain 
orderly arrangement of the components in multienzyme systems. This cate- 
gory of membranes is exemplified by the mitochondrial membranes. 

When fixing mouse kidney tissue in vivo by dripping a potassium per- 
manganate solution on a small exposed area of the surface of one kidney, 
I found that the cytoplasmic membranes in the proximal tubule cells of the 
kidney contained stained material that formed cross-bridges extending be- 
tween the two stained layers at the surfaces of the membranes (Sjéstrand 
1963). These cross-bridges split up the membrane into small, globular com- 
partments. This globular substructure is also observed in sections cut 
tangential to the membranes. 

The globular pattern was observed in the mitochondrial membranes and 
in the smooth and rough cytomembranes, but not conclusively in the adjacent 
plasma membrane. All these membranes are located very close together in 
the basal region of these cells, which allows comparison of both the structure 
and the dimensions of the membranes in the same micrograph, where the 
various membranes are separated by only a few hundred Angstrém units. 
The conditions for preservation of the membranes must therefore be very 
uniform for all the membranes in such regions, and the magnification must 
be identical. The comparison is then made with a minimum risk that the 
observed differences are due to technical errors as far as the evaluation of 
relative relationships are concerned. 

Figs. 1—3 show sections through proximal tubule cells in the mouse kidney, 
fixed according to the technique described above. In these survey pictures, 
mitochondrial membranes and smooth-surfaced membranes are found side 
by side between infoldings of the plasma membrane. The latter membrane 
appears in Fig. 1 as a triple-layered structure, the “unit membrane” pattern. 
The other membranes show a more complex structure and at higher magnifi- 
cation, as in Fig. 4 the globular substructure is discernible. 

The dimensions of those globular subunits correspond to the thickness 
of the mitochondrial membrane elements (which is 50 A in the mitochondrial 
membranes). In the smooth-surfaced membranes they measure 60—70 A, 
which corresponds to the thickness of these membranes. The thickness of 
the plasma membrane is about 100 A, that is, twice that of the mitochondrial 
membrane elements. 

The dimensions of the globular substructures are considerably smaller 
than the thickness of the sections. It is therefore conceivable that two or more 
layers of globules are superimposed in the image. This accounts for the fact 
that the globuiar structure is observed clearly only in certain parts of the 
membranes. In other parts the material extending through the center of 
the membrane shows a less regular arrangement. 








Fig. 1. Survey picture of a small area in a proximal convoluted tubule cell from 

the mouse kidney showing infolded plasma membranes running obliquely across the 

middle of the picture and smooth-surfaced cytomembranes located between these 

infoldings. In upper left corner part of a mitochondrion. Potassium permanganate 

fixation in vivo. Magnification 400,000. From F. S. Sjéstrand, J. Ultrastruct. 
Res. 9, 561 (1963). 
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Fig. 2. Mitochondrion and some smooth-surfaced cytomembranes (in upper right 

and lower left corners) in proximal tubule cell of the mouse kidney. Fixation same 

as in Fig. 1. Magnification 320,000. From F. S. Sjéstrand, J. Ultrastruct. Res. 9. 
340 (1963). 
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Fig. 3. Smooth-surfaced cytomembranes in proximal convoluted tubule cell of the 

mouse kidney. The membranes partly appear in cross sections and partly in 

tangential sections. Fixation same as in Fig. 1. Magnification 400,000. From F, S. 
Sjéstrand, J. Ultrastruct. Res. 9, 340 (1963). 
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That there is some material in the middle of the membranes*that is - 
stained in connection with osmium fixation is obvious from the fact that 
in osmium-fixed material examined without contrast enhancement by section 
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Fig. 4. High magnification of smooth-surfaced cytomembrane and outer mitochon- 
drial membrane (to the right), Fixation same as in Fig. 1. Magnification 1,000,000. 


staining, the membranes appear as a single stained thick line in cross sections. 
The thickness of this line as measured by Sjiéstrand (1953),Sjéstrand 
and Rhodin (1954) and Sjéstrand and Hanzon (1954a, b), corre- 
sponds to the total thickness of the membrane elements of the mitochondrial 
membranes and of the smooth-surfaced membranes. In the plasma mem- 
brane only the opaque layer next to the cytoplasm will appear stained under 
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these conditions. The differences in the thickness of the osmium-stained mem- 
branes was considered by Sjéstrand (1956, 1959) to be an indication of 
variations in the membrane structure. 

After section staining of osmium-fixed material, the membrane elements 
of the mitochondria! membranes, the cytoplasmic membranes and the plasma 
membrane appear triple-layered, although indications of a globular sub- 
structure can be found in mitochondrial membrane elements and in cyto- 
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Fig. 5. Outer segment disks in cone cell in the retina of the frog eye. The two mem- 


brane elements of the disks are partly separated, Osmium fixation. Magnification 
800.000. From S. E. Nilsson, J. Ultrastruct. Res. 11, 147 (1964). 


plasmic membranes. Dr. Nilsson, working in my laboratory, was able to 
show a globular substructure in the membrane elements of the outer segment 
disks of retinal receptor cells after osmium fixation and section staining 
(Fig.5). This pattern, therefore, is not dependent on the use of any parti- 
cular fixation technique. 

Still, varying the chemical composition of the fixative does not represent 
a conclusive test for the reality of the observed structural pattern. In fact, 
I was myself very skeptical about these patterns since they could very well 
represent fixation artifacts. It was therefore important to find that a similar 
substructure could be observed in material fixed by means of freeze-drying, 
where the tissue at least had been prepared in a drastically different way in 
comparison to the chemically fixed material. 

In frozen-dried material the contrast situation is very different from that 
of chemically fixed material. Freeze-drying does not result in removal of 
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was selected within which the membranes are oriented more or less parallel to the 
plane of the section, allowing an en face view of the membranes. These membranes 
are presumably Golgi membranes since this region is fairly free from ribosomal 
material, some of which appears as dark shadows in upper right and lower left 
corners. Magnification 400,000. From F. S. Sjéstrand, in: Intracellular Membra- 
neous Structure (S. Seno and E. V. Cowdry, eds.). Proc. Intern. Symp. Cellular 
Chemistry, ist, Ohtsu, Japan, 1963. Suppl. Symp. Japan Soc. Cell Biol., Vol. 14, 
pp. 103—125 (1965). 





Fig. 7. Mitochondrion in frozen-dried exocrine cell of the mouse pancreas. Cross- 

sectioned membrane elements appear as light lines. To the right globular structure 

in outer mitochondrial membrane. Cross-sectioned a-cytomembranes are seen as light 

lines outside the mixochondrion. Magnification 400,000. From F. S. Sjéstrand, 

in: Intracellular Membraneous Structure (S. Seno and E. V. Cowdry, eds.), Proc. 

Intern. Symp. Cellular Chemistry, ist, Ohisu, Japan, 1963. Suppl. Symp. Japan Soc, 
Cell Biol., Vol. 14, pp. 103—125 (1965). 
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material from the cytoplasm due to extraction, and the cytoplasm therefore 
remains rather dense. Various cellular components stain much more faintly 
in frozen-dried material than in chemically fixed material, where the fixative 
itself contributes to the staining. Fixation in formaldehyde or glutaraldehyde 
without postfixation in osmium tetroxide gives similar result with respect 
to contrast as that observed in frozen-dried material. 





fixed in osmium tetroxide and stained with uranyl acetate. The mitochordrial mem- 
brane elements are thinner than the smooth surfaced cytomembranes, Both types 
of membranes appear predominently triple layered. Indications of a globular sub- 
structure can be due to spurious effects associated with under focussing, In this 
picture (notice the over all grainy appearance of the picture due to phase contrast 
effects associated with underfocussing). Magnifications 400,000. 
From F. S. Sjéstrand, J. Ultrastruct. Res. 9, 561 (1963). 


When sections through the exocrine cells of the pancreas were examined, 
a regular structural pattern was observed within certain areas, as demon- 
strated in Figs.6—7. This pattern can be interpreted as revealing a globular 
structure with the globules aligned in rows in a rather regular way (Sj 6- 
strand 1963, Sjéstrand and Elfvin 1963). The rows eihter follow 
curved lines or are straight. The rows are mutually parallel within the areas 
occupied by this structural pattern, and the spacing between the rows is very 
precisely 50 A, corresponding to the thickness of the a-cytomembranes (rough- 
surfaced membranes). The individual globules appear to be spherical in shape. 
and their diameters seem to correspond to the spacing of the rows, 50 A. 

The exocrine pancreas cells are particularly favorable to examine in a 
situation like this where the opacity distribution in the image is strikingiy 
Protoplasma, LXIII/1—3 17 
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different from that of conventional electron micrographs of chemically fixed 
material, because the structure of the cytoplasm of the exocrine pancreas 
cells is very uniform and simple with only a few types of structural com- 
ponents present, all of which, with the exception of the zymogen granules, 
consist of membranes. The cytoplasm is completely filled with membranes, 
among which the rough-surfaced a-cytomembranes dominate. It is therefore 
not possible to cut a section through the cytoplasm of an exocrine pancreas 
cell without cutting through closely spaced membranes of different orienta- 
tion in relation to the plane of the section. When these membranes are 
oriented perpendicular to the plane of the section, the cross section of the 
membranes appears as a light line, this line representing the center of the 
membrane. The lower opacity of the center of the membrane is due to the 
fact that there is less stainable material in this layer. The opaque layers 
of the two surfaces of the membranes do not stain more intensely than the 
surrounding cytoplasm, which is considerably more intensely stained in 
frozen-dried material than in chemically fixed material due to the uniform 
distribution of the cytoplasmic proteins and to the fact that cytoplasmic 
proteins have not been removed through extraction. 


The structural patterns described above are present in areas where no 
cross-sectioned cytoplasmic membranes are seen. It is therefore justifiable 
to conclude that they are associated with obliquely or tangentially sectioned 
membranes and represent face-on views of these membranes. This con- 
clusion is furthermore supported by the fact that these patterns frequently 
appear on a rather dense background of the more intensely stained ribosomal 
material. In frozen-dried cells, the cytoplasm of which has not been de- 
hydrated appreciably due to intracellular ice crystal formation during freez- 
ing, the ribosomal material forms an almost continuous carpet covering one 
surface of the a-cytomembranes. This can be observed in cross sections of 
these membranes where the territory of each individual ribosome is only 
very diffusely outlined in the continuous opaque layer extending along the 
membrane surface. When the a-cytomembranes are obliquely oriented, as 
in Fig. 6, the light layer in the center of the membranes does not show up, 
and the opaque layer of ribosomal material contributes to a general back- 
ground high opacity. 

The globular pattern can be observed both in the mitochondria and in the 
a-cytomembranes. It is highly probable that it corresponds to the globular 
structure observed in chemically fixed material. The fact that a similar sub- 
structure can be seen in both chemically fixed and frozen-dried preserved mate- 
rial makes it justifiable to consider such a structural organization of certain 
cellular membranes seriously, even if neither preparatory technique excludes 
the possibility that this structure is an artifact. In appears likely, however, 
that the preparatory treatment would favora bimolecular-leaflet arrangement 
of the membrane lipids, and therefore there is a good chance that the ob- 
served globular structure is due to the real structure of those membranes. 

Recently Dr. Malhotra of California Institute of Technology has been 
able to demonstrate a globular substructure in unfixed mitochondrial mem- 
branous elements prepared with the neagtive-staining technique. The small 
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mitochondria of Neurospora can be observed at a surprisingly high resqlution 
with this technique without fragmentation of the mitochondria. If the stain 
is allowed to penetrate into the mitochondria without disintegration of the 
outer mitochondrial membrane, the inner mitochondrial membranes will 
remain standing on edge due to the restrictions imposed on their positioning 
by the adjacent membranes and the matrix material, which is confined to 
the interior of the mitochondrion by the intact or almost intact outer mito- 
chondrial membrane. On the other hand, if the mitochondrion is fragmented, 
the inner membranes will be pushed down flat, more or less wrinkled, onto 
the supporting film by the surface tension. 

In the former case a real profile view of the inner mitochondrial membrane 
elements can be obtained, and in Dr. Malhotra’s pictures this profile view 
shows the presence of septa running transversely across the membrane ele- 
ments just as in cross sections of these membrane elements in fixed, sectioned 
material. 

An attempt has been made, although crude, to interpret these observations 
in terms of molecular arrangement of the lipids and proteins of the mem- 
branes. It is proposed that the light areas in the membrane pattern correspond 
to areas with a high concentration of the hydrocarbon tails of the fatty acids 
in lipid molecules and that the protein components are partially stained. The 
elementary globular units would then consist of a core, predominantly 
lipid, surrounded by stained regions of protein molecules. Globular protein 
molecules could be thought of as located in the furrows between the globules. 

It is possible, however, to apply another interpretation. The stain is 
confined to minute spots measuring 10—15 A in diameter. Let us assume that 
there is statistically a high degree of probability that certain sites in the 
protein molecules are stained, that other parts of the protein molecules are 
unstained and that the hydrocarbon tails of the fatty acid are less likely 
to show any extensive staining. In crystals of protein studied with the same 
technique, the centers of the individual protein molecules appear less stained 
than their periphery, which is the reason for the appearance of regular 
crystalline patterns in sections through such crysials. 

It appears unlikely that the proteins of the mitochondrial membranes are 
separated from the lipids with the lipids forming a continuous or discontinuous 
lipid phase. Rather, it seems likely that the proteins and lipids form lipo- 
protein coinplexes in which the lipid molecules may be partially encapsulated 
by the protein molecules, thereby greatly affecting the conformation of these 
molecules. This would agree with the concept that the conformation of 
globular proteins depends on the distribution of hydrophobic side chains of 
the amino acids and the tendency of such side chains to accumulate in the 
center of the protein molecules when the protein is dispersed in an aqueous 
surrounding. An interaction between the hydrophobic side chains and the 
hydrocarbon tails of the lipid molecules would therefore involve an opening 
up of the protein structure to allow such an interaction. 

Starting out from these assumptions, we feel it appears justified to propose 
a model for the structure of the mitochondrial membrane elements accord- 
ing to which each globular unit observed in fact represents a lipoprotein 
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complex. I think such a point of view is more in agreement with current 
concepts of the biochemists than the concept describing the membranes as 
consisting of lipids and proteins arranged separately. 

Either of these concepts regarding the membrane structure allows the 
arrangement of enzyme molecules and more specifically of the components 
of the respiratory chain in the mitochondria in rows within the membrane 
itself. Such an arrangement imposes considerable restrictions as to the 
mobility of the molecules. It is conceivable, however, that a limited mobility 
allows the molecules in such a chain to alternate between positions in which 
the active site of one molecule is in contact either with the preceeding or the 
following member in the chain to permit, for instance, electron transfer along 
an electron transport chain. 

The observations reported here definitely prove the existence in fixed 
embedded material of a globular substructure in certain cytoplasmic mem- 
branes. At the same time and in the same electron micrographs the plasma 
membrane appears triple-layered, and after proper staining it shows a 
geometrically asymmetric structure with the opaque layer which faces the 
cytoplasm thicker than that facing the extracellular space. This pattern 
agrees with the concept of a bimolecular-leaflet structure in the case of the 
plasma membrane. The thick cytoplasmic opaque layer might then be 
occupied by enzymes associated with active transport, such as the sodium- 
stimulated ATP-ase considered to be localized to the plasma membrane. 

It should also be pointed out that this globular substructure has not been 
observed in the myelin sheath which, due to its being accessible to fairly 
detailed X-ray-diffraction and polarization-optical analysis, has allowed a 
rather well documented concept regarding its molecular structure and a model 
for the plasma membrane. It should be kept in mind, however, that the 
myelin sheath represents one of the most “dead” structures of an organism. 

These observations make it justifiable to propose that we are dealing with 
at least two structurally different categories of membranes, whatever the 
precise structure of the membranes might be in vivo. The differences in their 
appearance after fixation and embedding can be considered indicative of 
profound differences in the original structure of the membranes. 

Furthermore, within the type of membrane that appears globular in our 
pictures, we can distinguish at least two size classes—the mitochondrial 
membrane elements and the a-cytomembranes measuring about 50 A in thick- 
ness, and the smooth-surfaced cytomembranes (y-cytomembranes), including 
the Golgi membranes, measuring 60—70 A in thickness. 

The globular structure demonstrated here in potassium permanganaie- 
fixed material is not due to any particular conditions of microscopy such as 
the tilt of the membranes. These sections are only about 100A thick and 
represent the lower limit in section thickness. Due to the extreme thinness 
of the sections the resolution measured on these electron micrographs is 
10 A—a completely new achievement when dealing with electron microscopy 
of sections of biological material. The globular structure can be observed 
both in profile and in en face views of the membranes. 

The globular pattern is not due to diffraction effects in connection with 
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defocusing since it remains as clear if not more obvious in the close-to-focus 
pictures in a through-focus series. It is not due to astigmatism as in the case 
of the globular structure demonstrated by D. Robertson during this 
symposium. The 10-A resolution has been measured in two directions per- 
pendicular to each other, which excludes astigmatism of a degree that would 
give such an effect. 

This globular pattern is not. due to the graininess of the staining. If the 
membranes show a Coarse graininess due to large particles of stain, these 
grains can extend almost across the whole thickness of a membrane and can 
give the impression of subdividing the cross section of the membrane into 
globular units. In the present material the size of the stain grains is 10—15 A, 
and each globular unit is delimited by 10—15 such small grains. No single 
grain is sufficiently large to occlude a light space in the middle of the mem- 
brane and thereby to give the erroneous impression of a cross bridge. 

It appears justifiable to point to the uncertainty associated with electron 
microscopic observations at this level. This uncertainty applies, however, 
to all such observations and not to any particular observations from any 
particular laboratory. Electron microscopy might be considered a crude 
technique when applied to the analysis of molecular structure. However, 
it is at the present time the only technique that allows us to attack these 
problems, and this approach can therefore be considered justifiable as long as 
everyone is aware of the uncertainty involved. The evolution of any concept 
regarding structure and function of living systems depends on exploring the 
techniques that are available irrespective of their crudeness. Only future work 
can in fact determine the reliability of the present technique which now is 
evaluated only on the basis of loose assumptions in a field in which we all are 
very ignorant. 

X-ray-diffraction techniques can be applied to unfixed material, but the 
exposure times are long—up to 12-24 hours. The experience of electron 
microscopists indicates that even short delays in fixing the tissue after 
removal from the body are deleterious to the fine structure of cells. If 
Luzzati's observations are kept in mind it appears that the X-ray-diffrac- 
tion data obtained up to now on cellular membranes should be considered 
cautiously and that a considerable degree of unceriainty is involved with 
respect to recordings by means of X-ray diffraction techniques as well. 
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The three-layered unit membrane is a structure showing several modifica- 
tions not only in its thickness but also in the nature and amount of materials 
associated with its outer and inner surfaces. Indeed, the presence of 
associated layers is so constant that one is led to wonder whether the unit 
membrane as commonly defined should not be regarded as merely the central 
component in a complex and highly variable structure which marks cell 
boundaries. The variation in thickness first pointed out by Ledbetter 
(1962) for the plant cell has since been described by Sjéstrand (1963) 
among others, in the animal cell. In plant cells, for example the plasma 
membrane and that of the tonoplast measure about 100—120 A, whereas 
the limiting membranes of the mitochondria and chloroplasts fall in the 
50-70 A range. This kind of variation is now so well known that it requires 
neither illustration nor further comment. 

Less familiar than differences in thickness, however, are the variations 
in the appearance of electron scattering materials closely applied to the 
outer and also to the inner surfaces of the unit membrane. These frequently 
appear as coatings or thickenings of one or the other of the dense lines in 
the trilaminar structure. In its simplest form this coating is not more than 
a very thin (100A thick) layer of mucopolysaccharide which Bennett 
(1963) has called the glycocalyx. But a wide range of variations in this layer 
have now been described. I t o (1965), e.g., reports the fuzz on the microvilli 
of the intestinal epithelium of the cat (0.1—0.5 « thick) as being rich in muco- 
polysaccharides and an “integral part” of the plasma membrane. From his 
pictures one would conclude that the outer lamina of the unit membrane 
grades off into filamentous material which represents the mucopolysaccharide- 
rich coat covering the microvilli of these cells (Fig. 1). 

Other membranes of other intestinal epithelial cells are also character- 
istically marked. For example, the microlabyrinths which characterize the 


1 This study was supported by a Training Grant from the National Institute for 
General Medical Sciences, Number 2 G-707-05. 
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apical poles of absorptive cells in the ilium of the newborn rat aré limited 
by a special membrane, the outer surface of which is covered by closely 
packed, parallel ridges (Fig. 2). This variation on the cell surface is thought 
to be selectively active in gamma globulin adsorption and preservation. 
Similar functional specializations, sometimes confined to limited areas of 
the membrane may in fact be quite common. They include a special mem- 
brane differentiation, which has now been reported as present in several 
kinds of cells. Its occurrence on the surfaces of insect oocytes during a 
period of yolk deposition when the cell is very active in the uptake of 
protein from the circulating fluids provided the earliest clue to its function. 
(Roth and Porter 1964, Droller and Roth 1966). This specialization 
is most easily recognized as a small pit or invagination in the cell surface, 
approximately 100—150 my in diameter (Figs. 3, 3 a and 3 b). Its cytoplasmic 
or inner surface is coated with what appear frequently as fine bristles 
(200 A long) continuous with the inner lamina of the unit membrane while 
its outer surface is usually covered by an amorphous layer of adsorbed 
inaterial. These specializations have now been shown to be selective in what 
they remove from the environment (R oth and Porter 1962, 1964, Telfer 
1961, Bowers 1964). Recently Fawcett (1965) in a study of erythro- 
blasts has directed attention to identical surface sites engaged in the adsorp- 
tion and uptake of ferritin. In this as in other instances the inner (cyto- 
plasmic) line of the unit membrane shows an associated condensation of 
finely filamentous material which in other views displays an alveolate 
pattern. 


The Free Surface of Cells Lining the Urinary Bladder 


In the balance of this paper we should like to report on yet another 
variation of the cell surface which came to our attention about three years 
ago when we noted several unique features of cells lining the urinary bladder 
of the mouse, i.e., the superficial layer of the transitional epithelium 
(Porter and Bonneville 1964). For one thing the free surface of these 
cells showed sharp crests and occasional angular hollows giving the whole, 
in profile, a scalloped or wavy appearance (Figs. 4 and 5). It was noted 
as well that the cytoplasm, especially within the cells of the superficial layer, 
contained numerous thin and fusiform profiles, with sharply pointed ends 
(Fig. 5). These could only represent vertical sections through disc-shaped 
vesicles unlike any encountered elsewhere. The large profiles ranged from 
1.0 to 1.5 microns in length. The width varied with the degree of flattening 
and frequently was no greater than the double thickness of membrane. In 
their length the vesicles matched precisely the maximum peak to peak 
length of plasma membrane forming the scalloped appearance of the cell 
surface (Fig. 5). 

From these initial observations, we decided that the described vesicles 
either formed from or contributed to the plaques or facets making up a large 
part of the cell surface. Thus, according to this preliminary speculation, 
these vesicles were part of a mechanism for membrane storage. The thought 
was that during a contraction phase of the urinary bladder, when the 
surfaces of the superficial cells is presumably reduced, the vesicles would 
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form, and during an expansion phase they might reasonably become part of 
the free surface again. 

Because of their uniqueness and because they might be useful for in- 
vestigating the structure and synthesis of plasma membrane, we decided 
to look further into their origin and fate. It was first important to identify 
them definitely with the cell surface, then to account for their origin, and 
finally to discover their function. We cannot report success in all of these 
aims, but we have assembled some new information which contributes notice- 
ably to our understanding of these unusual structures. 

We have already noted the form of these vesicles and the fact that their 
dimensions relate them to the curvilinear scallops on the cell surface. More 
convincing evidence of this relationship comes from a comparison of the 
fine structure of the two membranes. 

In the first place, the plasma membrane covering the free surface, or 
most of it, is remarkably thick at 120 A with a prominent unit membrane 
structure. It is clearly different from the membranes limiting the endoplasmic 


Fig. 1. Electron micrograph showing in longitudinal section the tips of a few 

microvilli as found on absorptive cells of the rat intestinal epithelium. The 

fuzzy coat (mucopolysaccharide) covering the free surface seems coextensive with 

the outer dense line of the unit membrane and is doubtless an exaggerated form 

of the “glycocalyx” which characterizes the free surfaces of most plasma mem- 
branes. Mag. 99,000. 


Fig. 2. This illustrates the appearance of the plasma membrane limiting certain 
microlabyrinths which appear in absorptive cells of the rat ilium over the period 
of 21 days after birth during which period maternal antibody globulins are trans- 
mitted to the newborn animal without loss of immuno properties. This special 
nature of the surface is confined to these peculiar invaginations of the surface. 
The basal sections of microvilli are indicated at Mv, ridged surfaces by the arrows, 
Micrograph courtesy of Richard Rodewald. Mag. ca. 31,000. 


Fig. 3. Small areas of the basal surfaces of two pericardial cells of the insect 
Lhermobia domestica (Silver fish) are represented here. These cells are in loose 
association along a basement lamina with wide intercellular spaces (is) open for the 
circulation of haemolymph. The membranes bordering on these spaces typically 
show numerous invaginations called also pits, marked at (a). In these and other 
instances, a layer of dense material is adsorbed on the free surfaces, and just 
opposite, on the cytoplasmic side of the membrane there is invariably a border of 
what appear as short bristles about 200 A long. Actually the form of this layer is 
finely alveolate. Subsequent to their appearance ai (a) the pits deepen, and narrow 
at their open side to pinch off and become cytoplasmic vesicles as at (b). The 
adsorbed material, probably protein taken up through information in the membrane, 
seems here to consist of assymetric units which palisade into a layer of uniform 
thickness (in [b] especially). Micrograph courtesy of Blair Bowers, 
Mag. ca. 50,000. 


Figs. 3a and 3b. These show similar pits in profile on pericardial cells from the 
aphid, Myzus persicae, and from Plectinophora respectively. The profiles at (c) 
and (d) represent different stages in the development of the pit and its incorporation 
into the cell. Mag. 350,000. 
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reticulum and the mitochondria, but is identical with the membrane limiting 
the discoidal vesicles (Fig.6). This similarity is evident not only in the 
thickness of the membrane, but also in a pattern of thickenings which char- 
acterize the outer leaflet of the unit membrane. The same patiern is present 


MICRODENSITOMETRY OF UNIT MEMBRANES IN 
TRANSITIONAL EPITHELIUM 
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Text-fig. 1. The above curves represent densitometric tracings across the electron 

microscopic images of unit membranes found (a) at the free surface of the bladder 

epithelium (the membrane of the concave plaques) (b) limiting the discoidal vesicles, 

and (c) at the lateral surfaces of the superficial cells. The scale of thickness is shown 
at the bottom. 


Fig. 4. This micrograph shows part of a cell in the superficial layer of the epithelium 
from the urinary bladder of the laboratory rat. The lumer of the bladder is repre- 
sented at L, the nucleus of the cell at N, other cells (at X) of this transitional 
epithelium which underlie the superficial cell are for some reason much denser. It is 
evident, even at this low magnification, that the free surface of the superficial cell 
is scalloped in profile as though covered by concave facets. Within the cytoplasm, 
besides mitochondria, Golgi elements, profiles of the endoplasmic reticulum ard 
lysosomes, there are many straight dense lines (arrows) varying in length up to 
1.5 microns. Similar thin structures, present in the basal cells, differ chiefly in 
enclosing a space and in being on the average shorter. Mitochondria and nuclei 
are marked at M and N respectively. Mag. 10,000, 


Fig. 5. Part of a superficial cell showing fine structure of cytoplasm at higher magni- 
fications. The free surface of the cell at the top is characterized by slightly concave 
plaques or facets ranging in lengih mostly between 1.0 and 1.5 microns. The cyto- 
plasm beneath the surface is rich in keratin filaments and populated by numerous 
profiles of disc-shaped vesicles (dv) otherwise the cytoplasm contains profiles of ER 
vesicles, mitochondria (M). Mag. 15,000. 








Figs. 4 and 5, 
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on the leaflet facing the cavity of the discoidal vesicles (Fig. 6). In sections 
where the surface membrane or the discoidal vesicles are oblique to or lie 
within the section, this pattern of densities shows up as bands or ridges 
spaced at approximately 130A (Fig. 7). 

On the strength of these similarities, the membranes of the vesicles and 
that of the free surface would seem to be closely related. And the most 
obvious suggestion to make is that an intracellular discoidal vesicle is formed 
when two adjacent or facing membrane discs fuse at their edges, probably 
when the bladder contracts. 

Furthermore, we note the additional feature of fine structure which serves 
io set these concave plaques apart as special differentiations of these epi- 
thelial cells. Where observed in profile, the membrane defining the disc- 
shaped concavities is 120 A thick except at the peaks or valleys between the 
scallops and at points where the membrane approaches the junction between 
two cells (Figs.8 and 9). At such points the limiting membrane shows 
dimensions more universal for plasma membranes, i.e., 80-90 A. These 
dimensions are recorded in densitometric tracings taken from micrographs 
of the membranes and shown in Text-fig.1. This peculiar thinning of the 
membrane is apparent also at the tips of the fusiform profiles present in 
the cytoplasm, an observation which fits the interpretation of vesicle for- 
mation by the edge to edge fusion of adjacent surface plaques (see Figs. 6 
and 10). 

Some impression of how this comes about has been gained from a study 
of the contracted bladder or one fixed shortly after vagus nerve stimulation 
(Fig. 11). As part of this event, deep crevices develop in the free surface 
of the bladder epithelium. These are obviously lined by the surface discs 
or plaques now brought inte close face-to-face apposition and contact for 
fusion at their edges. Thus it would seem that during contraction and the 
adjustment in surface area that follows, there is a rapid incorporation of 
cell surfaces resulting in the formation of the intracellular discoidal vesicles. 

The obvious experiment to test this interpretation is to load the bladder 
with a marker such as ferritin and see if it is incorporated into these unusual 
vesicles. When this was done and the bladder contracted and fixed im- 
mediately after, the ferritin was found as expected in the vesicles (Fig. 12). 

Thus we conclude that the free surfaces of bladder epithelial cells are 





Fig. 6. This micrograph depicts the free surface and adjacent cytoplasm of a 
superficial cell. It demonstrates that the membrane limiting the free surface is 
identical with that limiting the disc-shaped vesicles (arrows). Both have the same 
thickness (120 A) as well as a regular unevenness in the outer leaflet which gives 
it a striated or scored appearance. Neither the unusual thickness nor the peculiar 
morphology of the outer leaflet extends around the end of the discoidal vesicles 
(note at X). Mag. 74,000. 
Fig. 7. The section pictured here includes images of a few disc vesicles cut obliquely. 
Thus one obtains another view of the outer leaflet and more especially an image 
of its uneven thickness, which suggests that the surface is marked by regularly 
spaced ridges about 130 A apart. Other elements in the micrograph include filaments 
of keratin (K) and small vesicles of the endoplasmic reticulum. Mag. 88,000. 
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Figs. 6 and 7. 
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covered by small circular facets or plaques about 1 micron in diameter and 
relatively form-rigid. They obviously represent a thickened specialization 
or differentiation of the plasma membrane with which they are continuous. 
It is further evident that these plaques are designed to “zipper” together at 
their edges when these are brought into apposition as in bladder contraction. 
Thus pairs of plaques form thin discoidal vesicles with a large surface to 
volume ratio. Their structure and mode of formation would serve to exclude 
from the vesicles any appreciable amounts of the liquid contents of the 
bladder. 

Such an active uptake of membrane implies some mechanism for mem- 
brane destruction and production, mechanisms essential to membrane turn- 
over. Doubtless the superficial layer of cells in the bladder is constantly 
replaced by proliferation and subsequent differentiation of basal cells, but 
it would seem probable that the life of any one cell would extend over 
several cycles of bladder filling and emptying. It would not be surprising, 
therefore, if once taken up, the surface membrane were destroyed in lyso- 
somes, and this appears to be the case. At least the discs are readily identified 
in lysosomes (Fig. 13) which occur in abundance in these cells (Fig. 11). The 
study of membrane production is still in progress. However, the information 
collected to date points to a not-too-surprising conclusion, that new surface 
of this special type, 120A thick is made in the Golgi complex. Vesicles 
limited by such thick membranes are present in the Golgi complexes of the 
more basal cells of the epithelium, and it is further evident from the dimen- 
sions of these Golgi vesicles that the membrane limiting them is only suf- 
ficient to provide for one surface facet or plaque, or one side of a surface- 
derived discoidal vesicle. 


Discussion 


There have been other reports on these unusual vesicles. R h odin (1963) 
pointed out that they are unique to the urinary bladder, and he proposed 
that they might derive their angular form from a crystalline content which 
he suggested had dissolved away in the preparation procedures. Richter 
and M oize (1963) described similar profiles in the bladder epithelium of 
rats, rabbits, mice, and dogs. And B. E. Walker (1960) interpreted them 
as compressed vesicles. He regarded them as special cytoplasmic vesicles 
designed to perform an excretory function; i.e., to remove excess water from 
the cell and transport it to the cavity of the bladder. Walker doubtless 
chose to assign a secretory function because he was unable to demonstrate 
their involvement in any uptake phenomena as, for example, of inert 
particles. Leeson (1962) likewise described compressed vesicles of this 
kind in cells of the rat bladder and from their response to distilled water 
assigned them an excretory function. 

There is not space here to discuss extensively the several membrane 
phenomena which this interesting cell surface brings to mind. Clearly also 
our ignorance of this surface and its function precludes at this time an 
intelligent discussion. One or two observations made here are favored by 
the more modern techniques of fixation and experimental study currently 
available to electron microscopy, and deserve special mention. 
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Figs. 8-10. 


Fig. 8. At the junction between two superficial cells, as shown here, it is possible to 

compare the thickness of the plasma membrane of the plaques limiting the free 

surface with that marking the lateral surfaces of these cells. The greater thickness 

of the former is obvious (see Text-fig. 1). A shift to the thinner structure, charac- 

teristic of most cell membranes, is also evident at the arrows where the free surface 
turns in to form a tight junction. Mag. 81,000 


Fig. 9. A change in thickness of the membrane, similar to that in Fig. 8, is also 

evident between the semi-rigid plaques. This is shown here (at arrow) where the 

margin of one plaque is continuous via a thin membrane with the margin of an 

adjacent plaque. For comparison the thinner dimensions of cytoplasmic vesicle 
membranes can be observed at X. Mag. 81,000. 


Fig. 10. This micrograph includes profiles of three disc vesicles. The membranes 
marking the broad faces of the vesicles are approximately 120 A thick, but at the 
ends of the profiles where the two faces meet (arrows), the membrane is much 
thinner. Thus the thinner conneciions between the plaques seen at the cell surface 
(Fig. 9) are included in the dise vesicles when the latter form during cell surface 
infolding. Mag. 65,000. 
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The identification of the membrane limiting the free surfaces of these 
epithelial cells with the membranes of the unusual disc—shaped vesicles of 
the cytoplasm is clear. That the special 120 A thick unit membrane of this 
free surface occurs in small concave plaques or facets on the surface and 
that the space between these is covered by a thinner unit membrane seems 
also established. Finally the events in vesicle formation as the bladder 
contracts are fairly evident in broad outline if not in detail. 

What now is the purpose of this special surface and the behavior it 
shows? An excretory role for the vesicles does not seem indicated. There 
is reason to doubt whether they ever return to the surface after formation. 
An alternative suggestion is that they represent a surface of fairly short 
active life which is constantly renewed and is taken into the cell for break- 
down and reconstruction. But why or to what end is not evident. If the 
unusual membrane of these surface plaques represents a diffusion barrier 
against the hypertonicity of urine? then why should it not have evolved to 
cover the whole free surface rather than about 90% only. Possibly this 
surface and its behavior represents a device not only to retard water loss 
but also to restore the water that is lost. Such an energy-requiring function 
should be accompanied by a pronounced population of mitochondria, yet 
the number is not striking. 

In the absence of better clues than are currently available, it seems best 





2 Since the earlier descriptions of these discoidal vesicles were published 
Porter and Bonneville (1964), Porter, Kenyon and Badenhausen 
(1965) and this paper was presented, R. M. Hicks has described a similar vesicle 
as present in cells of the rat ureter. She has proposed that the thickened membrane 
of these cells constitutes a barrier to the movement of water. Experiments per- 
formed to destroy or damage the plasma membrane did in fact change radically 
the permeability properties of the bladder epithelium (1965, 1966). 


Fig. 11. This micrograph depicts at relatively low magnifications the configurations 
of the free surface in the collapsed bladder. Obviously the surface is thrown into 
extensive folds and deep invaginations, It is along these latter that the apposed 
facets or plaques of the cell surface make contact and apparently fuse at their 
margins to form the discoidal vesicles of the cytoplasm. Shortly after bladder 
contraction, the cytoplasm of these superficial cells is filled with disc vesicles as 
shown here. Nuclei are indicated at N, mitochondria at M and lysosomes at L. 
Mag. 4,500. 
Fig. 12. When ferriiin is used to replace the urine, and the bladder is allowed to 
contract, the ferritin becomes incorporated into the discoidal vesicles, as at do in 
this micrograph. This obviously describes their origin from the cell surface. Mag. 
42,000. 
Fig. 13. This and most other micrographs of the superficial cells show large 
populations of dense bodies (see also Fig. 11) frequently containing recognizable 
components of the cytoplasm. These, according to current practice, would be called 
autophagic lysosomes, In this instance shown here, and frequently in these cells, 
discoidal vesicles are evident suggesting that et least some, if not all these structures, 
are destroyed after being formed and are not again incorporated into the free 
surface of the cell. Mag. 25,000. 
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Figs, 11-15. 


Protoplasma, LXIII/1—3 
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to avoid further speculation. Quite clearly this tissue should be a valuable 
source of unit membrane for study in isolation. The characteristics of the 
plaques, the implied rigidity and their uniform dimensions all suggest that 
they might survive the procedures of cell fractionation. So we may hope 
soon to learn more about these and their role along this boundary between 
cytoplasm and an environment which can be varied experimentally with 
some ease. 


References 


Bennett, H. S., 1963: J. Histochem. Cytochem. 11, 2. 

Bowers, M. B., 1964: Protoplasma 59, 351. 

Droller, M. J., and T. F. Roth, 1966: J. Cell Biol. 28, 209. 

Fawcett, D. W., 1965: J. Histochem. Cytochem. 13, 75. 

Hicks, R. M., 1966: J. Cell Biol. 28, 21. 

— 1965: J. Cell Biol. 26, 25. 

Ito, S., 1965: J. Cell Biol. 27, 475, 

Ledbetter, M. C., 1962: Fifth International Congress for Electron Microscopy, 
S. S. Breese, Jr., ed., Academic Press, New York, p. W-10. 

Leeson, C. R., 1962: Acta Anat. 48, 297. 

Porter,K.R,K.R.Kenyon,andS.Badenhausen, 1965: Anat. Rec. 151, 401. 

— and M. A. Bonneville, 1964: An Introduction to the Fine Structure of Cells 
and Tissues, 2nd edition, Lea & Febiger, Philadelphia. 

Rhodin, J. A. G., 1963: An Atlas of Ultrastructure, W. B. Saunders Co., Phila- 
delphia. 

Richter, W. R., and S. M. Moize, 1963: J. Ultrastruct. Res. 9, 1. 

Roth, T. F., and K. R. Porter, 1964: J. Cell Biol. 20, 313. 

— — 1962: Fifth International Congress for Electron Microscopy, S. S. Breese, Jr.. 
ed., Academic Press, New York, p. LL-4. 

Sjéstrand, F. S., 1963: J. Ultrastruct. Res. 8, 517. 

Telfer, W. H., 1961: J. Biophys. Biochem. Cytol. 9, 747. 

Walker, B. E., 1960: J. Ultrastruct. Res. 3, 345. 











areca 






































Mitochondrial Cristae during Liver Regeneration 
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With 6 Figures 


Elongated, dumbbell-shaped mitochondria, containing longitudinal stacks 
of lamellae, have been described in the liver of rats subjected to certain toxic 
agents, such as ammonium carbonate or dinitrophenol; their occurrence and 
particular morphology have been considered to be the expression of degen- 
erative processes, and the intramitochondrial lamellae likened to myelin 
figures [1, 2]. Dumbbell-shaped or elongated forms of mitochondria, with 
apparently concentric longitudinal cristae have been observed in rats follow- 
ing administration of thyroxine in excess [3]. Le hninger has pointed out 
that the latter extended or dumbbell-shaped configurations may be related 
to mitochondrial growth and division [4]. 


Experimental 


Normal, young female adult rats of the Wistar strain were subjected to the 
classical procedure of partial hepatectomy [5, 6], and their body weight 
recorded regularly thereafter. Individuals from this group, fed their habitual 
diet, were sacrificed respectively at 24, 48, and 72 hours following hepa- 
tectomy, and fragments from the remaining, regenerating liver lobes were 
removed for examination in the electron microscope. The specimens were 
fixed in a 2% solution of osmium tetroxide in distilled water at about pH 6.0, 
in the absence of electrolytes, according to a procedure routinely used in this 
laboratory [7]. Fixation was conducted at about 4° C, for 2% hours. Follow- 
ing washing in distilled water, dehydration was achieved through successive 
passages in 70, 94, and 100 per cent concentrations of ethanol, and embedding 
of the specimens was made in Epon-812 resin, essentially according to the 





1 Present address: The School of Medicine, Johnson Research Foundation, 
Department of Biophysics and Physical Biochemistry, University of Pennsylvania, 
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procedure of Luft [8]. Sections of tissues impregnated with uranyl acetate 
and stained with lead according to the technique of Millonig [9], were 
examined in a R.C.A., EMU-2 C, or in a Philips EM-200 electron microscope. 


Observations 


The electron microscope study of rat liver following partial hepatectomy 
has shown the frequent occurrence in the regenerating lobes of elongated, 
dumbbell-shaped mitochondria, especially abundant at the first and second 
day of regeneration [10]. 

The most characteristic features observed are the morphology of these 
dumbbell-shaped mitochondria, and their close relation with the endoplasmic 
reticulum (Plates I and II). 

Morphology 


The elongated mitochondria, like normal ones, are limited by a double 
boundary, i.e., (a) a continous outer envelope and (b) an inner membrane 





Fig. 1. Micrograph illustrating several of the features discussed in the text. Mito- 
chondria: In the center, a pair of elongated, dumbbell-shaped mitochondria (M 1 and 
M 2) each being composed of a slender middle piece and two bulging extremities; the 
typical double envelope is apparent, and the usual dense granules are located, as 
a rule, in the enlarged extremities (see also Figs. 3, 5 and 6). The elongated middle 
piece contains stacks of parallel lamellae, seen in cross section, as indicated by 
their sharp profiles, and extending practically the whole length of the mitochondrion. 
In M 3, a mitochondrion presents a single, laterally located lamella: in this case, one 
may be dealing with one elongated mitochondrion, oriented at right angle with 
respect M1 and M 2. In the upper left hand corner, a pair of elongated mito- 
chondria (Mp) are seen in oblique or tangential section, which may account for the 
diffuse and finely granular appearance of their structure. Endoplasmic Reticulum. 
The micrograph illustrates clearly the characteristic relationship established between 
smooth segments of endoplasmic reticulum and the mitochondrial middle piece. 
Pairs of profiles of rough endoplasmic reticulum (upper right hand corner, ER and 
arrows) are seen to approach from the right mitochondria M 1 and M 2 and also one 
of the components of Mp. The same profiles, but without ribosomes, establish close 
contact with the body of the mitochondrion, so that a sheath of smooth endoplasmic 
reticulum envelopes the middle piece (S and arrows). Final Magn.: 34,650. 


Fig. 2. A pair of elongated mitochondria, apparently in an earlier stage of develop- 

ment: the middle piece is short and, in the case of the upper mitochondrion, the 

smocth reticulum shows only narrow points of contact ($1 and S 2, arrows). 

Lamellae are seen in cross (Lc) and in tangential (Li) sections, Mc may correspond 

to a bulging end of an elongated mitochondrion, with lamellae cut across their 
margin. Final Magn.: 49,650, 


Fig. 3. A pair of mitochondria. In this case, a limit between the two mitochondrial 
bodies con not be ascertained. A dense granule is present in one of the bulging 
heads. Final. Magn.: 65,450, 


Fig. 4. Oblique or tangential section (Lt) of lamellae. The latter appear to contain 
granules disposed in linear arrangement, Final Magn.: 114,000. 





Figs. 1-4, 
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that is in direct contact with the mitochondrial matrix, these two membranes 
being separated by a space of lesser density. In the bulging extremities the 
density of the matrix is comparable to that of the matrix of normally shaped 
mitochondria; likewise, the usual, characteristic dense granules are present, 
and cristae of normal appearance, some of them infolding from the inner 
membrane, may be found. 

The slender middle piece of dumbbell-shaped mitochondria is occupied 
by stacks of what appear to be lamellae, closely parallel to each other and 
extending into the bulging extremities. In cross section, the individual 
lamellae present two osmiophilic profiles of relatively constant thickness, 
ie., about 55 A; these are separated by an intermediate layer more variable 
in width, from 110 to 170 A. The latter variation. may result from uneven 
hydration or from artifacts produced during the preparation of the specimens, 
giving the composite lamellae a variable total thickness, from 210 to 270 A. 

The intermediate layer of each lamella has a relative density less pro- 
nounced than that of the two 55 A superficial layers. On the other hand, 
the apparent density of the intermediate layer is appreciably greater than 
that of the mitochondrial matrix or of that of the profiles of endoplasmic 
reticulum, which run alongside the elongated portion of the mitochondrion, 
a fact suggesting that the substance at that location is more dense or has more 
affinity for the fixative or the electron stains. This contrast is particularly 
apparent at higher magnification (Figs.5 and 6). 

At its edges, the profile of the lamella is closed by continuity of the super- 
ficial osmiophilic layers. In sections, both ends of the lamella may be enlarged 
and take the appearance of distended cristae. There is no evidence, how- 
ever, that adjacent lamellae are in direct contact or in continuity with the 
inner mitochondrial envelope, nor that their growth may proceed from 
infolding of the latter. 

The osmiophilic surface layer of the lamellae presents finely granular 
densities which give them a somewhat beaded appearance, in contrast with 
the smoother profiles of the outer mitochondrial membrane and of those of the 
endoplasmic reticulum (Fig. 6). 





Fig. 5. Elongated mitochondrion (M 1), containing two longitudinal lamellae. The 

four fine, smooth profiles on either side of the lamellae are: 1. the double envelope 

of the mitochondrion (mm and arrow) and 2, located externally, the double profile 

of smooth endoplasmic reticulum (SE, arrow), It may be noted that the segment 

of smooth endoplasmic reticulum (c) seen in cross section between mitochondria 

Mi and M2 has a width and density not unlike those of the intramitochondrial 
lamellae. Final Magn.: 81,100. 


Fig. 6. Enlarged portion of Fig. 1, Plate I. The configuration of the components of 
the mitochondrial-endoplasmic reticulum complex may be seen more clearly, Asso- 
ciation of endoplasmic reticulum with the mitochondrion may be followed along 
the middle piece (a and b, for mitochondrion M 1; c and d, for M 2). As compared 
with the profiles of the mitochondrial envelope and with those of the smooth endo- 
plasmic reticulum sheath, the intremitochondrial lamellae are more dense and more 
granular. Final Magn.: 128,700. 
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Figs. 5 and 6. 
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In tangential sections, the mitochondrial inclusions described give diffuse 
(Fig.1, Mp, and Fig. 2, Lt) or sometimes regularly granular images (Fig. 4). 
This suggests that their shape is that of lamellae, rather than that of rods 
or microtubules. This view is also supported by the fact that, in thin sections, 
the same double profile may be followed the whole length of a mitochondrion, 
ie., about 2.5 uw (Figs.1 and 6). 


Relationship to the Endoplasmic Reticulum 


A constant and characteristic feature in the present observations is the 
intimate association that is demonstrated between the dumbbell-shaped mito- 
chondria and smooth regions of the endoplasmic reticulum. In sections, 
profiles of “rough” endoplasmic reticulum are seen to approach the mito- 
chondrion on both sides and to loose their attached ribosomes as they become 
tightly applied on the surface of the mitochondrion (ER, Figs. 1 and 6). This 
association is the most intimate in the middle, elongated region. In this 
position, the smooth walls of the endoplasmic reticulum are closely apposed, 
and their double profile can hardly be distinguished, in width and configura- 
tion, from the intramitochondrial lamellae, except that the intermediate layer 
appears more dense and their surface layers exhibit a definite granular 
constitution (Figs. 3 and 6). In tangential sections, the oblique or plane sur- 
faces of the lamellae present fine granules which appear to be disposed in 
linear arrangement (Fig. 4). 

Occasionally, as in Fig. 5, c, a segment of smooth endoplasmic reticulum, 
next to the middle-piece, contains material of a density reminiscent of that of 
the lamellae. 


Paired, Elongated Mitochondria 


Not unfrequently, dumbbell-shaped mitochondria are found next to each 
other and aligned closely along their lengths (Figs. 1 and 3). The degree of 
contact between the paired mitochondria appears to be variable: 1. the ele- 
ments of the endoplasmic reticulum, which at this stage constitute a sort of 
“peri-mitochondrial cisternae”, are present and interposed between the two 
mitochondrial bodies; this situation is illustrated in Fig.6, where the two 
mitochondria, M1 and M 2, are separated by their respective sheaths of 
smooth endoplasmic reticulum (b and c); 2. a second case is illustrated in 
Figs. 1 and 6, where M 2 is separated from an adjacent mitochondrion (M 3) 
by a single sheath of smooth endoplasmic reticulum (d) belonging to M 2, 
while the mitochondrion M 3 is deprived at this level of endoplasmic reti- 
culum covering; 3. in some instances, the limit between two adjacent 
dumbbell-shaped mitochondria may not be distinguished: their bodies appear 
to come in close contact, especially in the region of the elongated midd!e 
piece. This condition, as illustrated in Fig.3, might correspond either to a 
figure of fusion or else of longitudinal division. The possibility that the 
situation shown may be an artifact resulting from a particular orientation 
of the mitochondrial bodies or from the given angle of sectioning cannot 
be ruled out. Nevertheless, the frequency of association of elongated, 
dumbbell-shaped mitochondria in pairs or in tetrads may not be without 
significance. 
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Discussion and Summary 


Morphologically differentiated mitochondria, characterized by an elon- 
gated, dumbbell shape, 2.2 to 2.8 u in length, and by the presence of closely 
parallel, longitudinally disposed lamellae, are observed in regenerating liver. 
The study of micrographs suggests that they may represent 2 to 6 per cent 
of the population of normally-shaped mitochondria. The percentage varies 
with the time elapsed since partial hepatectomy. These elongated mito- 
chondria are frequently found associated in pairs or tetrads (Figs. 1, 2, and 3), 
their slender middle segments parallel and closely applied to one another, 
so that the boundary between them is not always discerniable (Fig. 3). 

Another characteristic feature is the intimate relationship established 
between the dumbbell-shaped mitochondria and expanses of smooth endo- 
plasmic reticulum, which envelope tightly the elongated middle portion and 
appear to adhere to it (Figs. 1, 3, 5 and 6). 

Following partial hepatectomy, the cells of the remaining lobes undergo 
adaptative changes to the new conditions of increased metabolism and syn- 
thesis, as evidenced by the presence of lipid droplets, an abundant ribosome- 
polysome system, and numerous mitoses. On the other hand, this electron 
microscope study has failed to demonstrate the presence of toxic action or 
degenerative processes in any part of the liver cells; lysosomes were very 
rare or absent. The same observations seem to apply also in the case of the 
dumbbell-shaped mitochondria. 

The apparent morphological integrity of the body of the elongated mito- 
chondria and their extensive and systematic association with the endoplasmic 
reticulum suggest that they are involved in a definite physiological activity 
rather than in involutive or degenerative processes. It is conceivable that 
they may represent a differentiated form of mitochondria that assume a 
greater share of a specific function in relation tothe particular physiological 
activity of the cells during the stress of liver regeneration. Their characteristic 
shape and their frequent occurrence in pairs or tetrads may also indicate 
that they represent a stage in the process of reduplication of mitochondria 
(Figs. 1, 3 and 6). 

The fact that elongated mitochondria are in unusually close contact over 
wide areas with surfaces of endoplasmic reticulum may be significant as 
regards their particular activity. The absence of ribosomes along the apposed 
profiles of endoplasmic reticulum indicates that protein synthesis is not per- 
formed in that region next to the mitochondrion. It is more likely that the 
smooth mitochondrion-endoplasmic reticulum junction and the large area 
of contact thus provided may favor the rapid exchange of metabolites and, 
in the case of mitochondrial reduplication, the active transport of precursors 
for the assembly of new mitochondrial structures. They may also serve to 
concentrate or organize material in relation to mitochondrial activity or 
growth, as shown by the high density of a smooth reticulum cisternae, 
illustrated in Fig. 5, c. 

Although the fine profiles of endoplasmic reticulum next to the mito- 
chondria have some resemblance in configuration, width, and even density 
(Fig.5) with intramitochondrial lamellae, no evidence has been found so 
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far in support of the view that they may enter in the constitution of mito- 
chondria or serve as template for the synthesis of new membrane struc- 
tures. 
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Some Ultrastructural Aspects of Cell Membranes 
By 


A. Bairati and Aurelio Bairati 
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With 10 Figures 


The aim of our communication is to show some electron microscopic images 
of cellular limiting membranes and thus contribute to previous observations 
on (A) the existence of asymmetric layers in some membranes, (B) the 
evidence of globular sub-units in membranes and (C) on the peculiar lability 
of certain limiting membranes which form interdigitations or infoldings. 

A) The asymmetrical aspect of the limiting cell membrane was observed 
studying the maturation of sperm in Drosophila melanogaster Meig. 

Fig.1 shows at a high magnification the limiting membrane of the syn- 
cytium in which the young spermatids are packed: the membrane appears 
triple-layered and symmetrical. When the spermatids separate each remains 
surrounded by its own limiting membrane. This membrane is now asymmetric 
(Fig. 2), the outer layer appearing thicker than the inner one: the former is 
45 A thick, the latter 15 A, and the interposed clear layer about 30 A thick. 
This type of asymmetry differs from that of the brush border membrane 
of epithelial cells, in which the thicker layer is the inner one, and resembles 
instead the asymmetry in the outer membrane (L membrane) of the Esche- 
richia coli cell wall recently demonstrated by de Petris (1965). 

The asymmetry of the membrane is also evident in sections of sperms 
observed in the lumen of seminal vesicles, while the membrane of sperms 
stored in the female spermatheca appears triplelayered and symmetrical 

This material was fixed either with osmium tetroxide solution or glutaral- 
dehyde followed by osmium tetroxide and was embedded in Araldite. Sec- 
tions were stained with uranyl] acetate and lead citrate. It was impossible 
to obtain satisfactory preparations after potassium permanganate fixation 
because of technical difficulties in dissecting the Drosophila. However the 
existence of asymmetric unit membranes is supported by the fact that the 
asymmetry of these membranes is extremely evident independently of the 
fixation methods used. Unfortunately we are unable to suggest the signifi- 
cance of these ultrastructural details. 
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B) Sjéstrand (1963) and Nilsson (1964) have demonstrated the 
presence of globular sub-units in numerous cellular membranes. In our 
laboratory similar structures have often been observed, when sections were 
sufficiently thin and the resolving power of the electron microscope was 
better than 10 A. 

Fig. 4 shows the globular appearance of the limiting membranes of 
adjacent cells in human ciliary body epithelium. We found it interesting 
to study membranes of adjacent cells when fused together at the junctional 
complex, namely at the zonula occludens. In Fig.5 one can see in detail 
a cross section of a zonula occludens. As previously observed in certain cases 
by Farqhuar and Palade (1963), the middle layer consists of a row of 
regular dots. Branches about 10 A thick seem to cross perpendicularly the 
clear layers, which thus appear made up of globular subunits. Many other 
details, which will be the object of further study, were observed either in 
oblique or tangential sections. 

In diagram (Fig.6) we suggest a possible interpretation of the arrange- 
ment of the globular subunits in the junction, as deduced from the above 
data: the membranes in the junction maintain a globular structure, and these 
globular units are arranged in a lattice; the central dots observed in the 
section represent the zones central to four adjacent globular units, and the 
thin branches represent the limiting layers of the single globular units. 

We hope that further work will explain whether in the zonula occludens 
there is a mere apposition of membranes of adjacent cells or if the junction 
possesses a characteristic subunit pattern, which appears analogous to those 
demonstrated by Robertson (1963) on the synaptic disc of the club 
endings of the Mauthner cell in goldfish brain. 

C) According to Rosenbluth (1963), Tormey (1964) and other 
authors, certain series of vesicles connected to interdigitations or infoldings 
of limiting membranes in some cells may be produced by osmium tetroxide 
fixation. We have observed similar structures in epithelioid cells of granu- 
lomas induced by crystalline silica and Fre und’s adjuvant in guinea pig 
lymph nodes. 





Figs. 1-3. The limiting membranes of young spermatids (Fig. 1) and of almost 
mature sperms (Fig. 2) in the testis of Drosophila melanogaster Meig. In = inter- 
cellular space. Fig. 3 represents the limiting membrane of Drosophila sperm within 
the female spermatheca, Ex = extracellular space. Material fixed with glutaral- 
dehyde solution followed by osmium tetroxide, embedded in Araldite and stained 
with uranyl acetate and lead citrate. 400,000. 
Fig. 4. The limiting membranes of two adjacent cells in the ciliary body epithelium 
of the rabbit. The arrow points to the zonula occludens, Osmium tetroxide fixed 
material, embedded in Vestopal. Sections stained with uranyl acetate and lead 
citrate. 320,000. 

Fig. 5. A cross section of a zonula occludens in the ciliary body epithelium of man. 
Osmium tetroxide fixation, embedded in Araldite. Sections stained with urany] 
acetate and lead citrate. <690,000. 

Fig. 6. Diagram of a cross section of a zonula occludens. 
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These cells are large macrophages in which a zone of the limiting mem- 
brane is extremely rich in fingerlike or laminar processes interdigitating with 
neighboring cells. These zones of the membrane possess many pinocytotic 








Figs. 7-10, 


Figs. 7-8. Portions of an epithelioid cell of a lymphoid granuloma in the guinea pig. 
The sample in Fig. 7 was fixed with osmium tetroxide, while that in Fig. 8 was 
fixed with glutaraldehyde followed by osmium; both embedded in Araldite. Sections 
stained with uranyl acetate and lead citrate. 20,000. 
Figs. 9-10. High magnifications of limiting membranes where they form inter- 
digitations or infoldings. Samples fixed with potassium permanganate, embedded in 
Araldite and sections stained with uranyl acetate. The markers and arrow point to 
some irregularities of the membranes. 300,000 and 240,000 respectively. 


vesicles. While in other paris of the cell the membrane shows normal ultra- 
structural characteristics, in the above mentioned zone, the membranes show 
different aspects with different methods of fixation. With osmium tetroxide 
the membranes very often appear irregular and connected to rows of vesicles 
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(Fig.7); it is impossible to demonstrate the triple-layered structure even 
after repeated staining. 

When the same membranes are prefixed with glutaraldehyde solution 
followed by osmium (Fig.8), one can note that the rows of vesicles are absent, 
while pinocytotic vesicles are always evident. 

At higher magnification the membranes show an irregular patiern, appear- 
ing only at some points as triple-layered structures. Figs.9 and 10 show the 
same membranes fixed with potassium permanganate: the triple-layered unit 
membrane is now clearly evident. One can note, however, fine irregularities 
in the layers of the unit membranes: at some points the outer layers of 
opposite membranes fuse to form five-layered structures; at other poinis 
the layers are less evident and less clearly defined. It is difficult to state 
whether these irregularities are merely caused by the wavy course of the 
membranes or whether they are an actual aspect of structural disorder. In 
the the latter case the irregularities would account for the appearance of 
the rows of vesicles after osmium fixation. It may be concluded that osmium 
tetroxide induces the presence of vesicles that are partially a fixation 
artefact; yet, these reveal the peculiar lability of the membranes, whose 
finer ultrastructure can be observed only using potassium permanganate as a 
fixative. These observations demonstrate the difficulties of the morphological 
method in providing us with exact information on the ultrastructural basis 
of certain properties of the membranes. However, resulis of biophysical 
studies illustrated in this symposium may add exciting information to our 
knowledge of the macromolecular patterns of membranes and of their 
dynamic aspects. 

References 


de Petris, S., 1965: J. Ultrastruct. Res. 12, 217. 
Farqhuar, M., and G. Palade, 1963: J. Cell Biol. 17, 375. 
Nilsson, S. E., 1964: J. Ultrastruct. Res. 11, 581. 
Robertson, J. D., 1963: J. Cell Biol. 19, 201. 
Rosenbluth, J., 1963: J. Cell Biol. 16, 143, 

Sjostrand, F. S., 1963: J. Ultrastruct. Res. 9, 340. 
Tormey, J. McD., 1964: J. Cell Biol. 23, 658. 











Ill. Mechanisms of Transport 


Invited Papers 





General Aspects of the Transport of Matter across 
Non-semipermeable Membranes 


By 


R. Schlégl 
Eduard-Zintl-Institute, Darmstadt, German Federal Republic 


The “semi-permeable membrane” has played an important role in the 
understanding of the transport of matter across diaphragms. The strict 
semi-permeable membrane is an idealization that is never realized in nature. 
However, this idealization enables us to calculate among other things, for 
example, the pressure difference in an osmotic equilibrium. 

Real membranes are more or less permeable to all species of the adjacent 
bulk phases, but the individual permeabilities may differ by orders of 
magnitude. Biological membranes in most cases are permeable to various 
components and, therefore, are far from the ideal semi-permeable mem- 
brane. 

Increase of entropy with time is the leading principle in transport pro- 
cesses, together with the conservation of matter. In the following we will 
discuss isothermal systems only. To illustrate, let us consider a very simple 
example. Consider a membrane separating two homogeneous binary mix- 
tures. Let both bulk phases contain the same components but differ in com- 
position, that is in the mole fraction of the components. If we require 
homogeneity of the bulk phases (stirring of these phases, good contact to the 
thermostat), the entropy production is located within the membrane [1] 
and iis given by 

dS 


Ta, Iw pw +IJsAus>0 (1) 


where T — absolute temperature, t = time, S = entropy of the whole system 
including the thermal bath, J; — flux of species, i= number of moles crossing 
the membrane per second, Ay; = difference of the chemical potential be- 
tween the bulk phases = “driving force on species i.” We distinguish quite 
arbitrarily between “solute” component (index s) and “solvent” (index 7m). 

The essentially positive character of the entropy production is a direct 
consequence of the second law of thermodynamics. The symbol > char- 
acterizes in a very general sense the borderline between processes that can 
happen in nature and processes that never will occur spontaneously. The 
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values of the fluxes J; corresponding to given values Au, depend on the 
chosen membrane, on the composition and the physical state of the bulk 
phases. 

Equation (1) is quite general. The functional dependence between the 
J, and the Ay, is subject only to the conditions that a) the entropy produc- 
tion. is positive and b) at equilibrium the J; and A yu, vanish simultaneously. 
As long as our system is not far from equilibrium, we, therefore, can assume 
a linear dependence between fluxes and forces 


Ji = Liw A pw + Lis A ws (i=, 8). (2) 


“Linearity” means that the coefficients L;, do not depend on the forces 
Ay, The L,, characterize the transport properties of the special system. 
Thus they depend on the membrane type and of the physical state of the 
bulk phases. 

Equations (2) have no convenient form for practical use. In practice 
we never measure fluxes J;. Directly observable quantities are volume changes 
and concentration changes. (From these we can get subsequent information 
about the fluxes by calculation only.) By a linear transformation (1) can 
be rewritten in the form [2] 

ros 9g. P+y.0. (3) 

Here q is the volume flow across the membrane, P is the pressure dif- 
ference between the outer phases, II is the osmotic difference (which can be 
measured either directly by using a membrane semi-permeable to one species 
or by other well-known methods [3]). y is the so-called “chemical flux”. 
It is directly proportional to the concentration increase of the solute in the 
bulk phase on the right (or the concentration decrease in the bulk phase on 
the left) 








CoVw pnd 2s”  CoVw 1, dx, 
Lap Le dit” eae 2 dt (4) 
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Here x,’ and x,” = mole fractions of the solute (s) in the left hand: (’) 
and right hand (”) bulk phases, respectively. V’ and V” — volume of the left 
and right bulk phases, respectively. c,, and V,, = molar concentration and 
partial molar colume of the solvent (m), x, and x,,—mole fractions of solute 
and solvent. These last four quantities correspond to the values which would be 
reached at equilibrium of the system (when x, = x,” = x,, etc.) and are 
known constants during the experiment. The volumes V’ and V” change 
slowly with time, but these changes can be measured easily. 

The real advantage of form (3) over form (1) becomes apparent when 
we again postulate linear relations between fluxes and forces 


q=LpP +LIpy ill (5) 
y=IneP+In fl. 


Now ithe coefficients Lp, Lpy, ... have a simple and evident physical 
interpretation, whereas the coefficients L;, in (2) have no simple physical 
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meaning. (The discussion of this topic in detail would go beyond the scope 
of this paper [2].) 

Although equations (3) and (5) have a more suitable form for practical 
use than (1) and (2), it should be pointed out that the form (3) is less general 
than (1). To carry out the transformation from (1) to (3), we need the same 
premise that we used in writing down equation (2); namely, the system has 
to be in the neighbourhood of equilibrium. Wheras (1) is quite general, 
(2)—(5) are limited to the region of validity of linear relations between fluxes 
and forces. 

So far we have discussed systems with two degrees of freedom only: We 
can arbitrarily choose two forces P and II. When we use ‘an electrolyte 
solution and introduce electrodes reversible to one of the ionic species, the 
electric potential drop between the electrodes enters as a third degree of 
freedom, which can be fixed by using a potentiostat. 

Then, instead of (1) and (3), we get 


dS 
Ty = Fw A po + Si Agi + J2A ne (6) 
and 
poo aq.P+y.M4+i.8. (7) 


Here Ay: and Ax, are the differences between the electrochemical poten- 
tials of the bulk phases; indices 1 and 2 refer to the single ions, i = electric 
current, E = potential drop between the reversible electrodes. Again, (7) is 
much more suitable for practical use than (6), as i and E are directly observ- 
able quantities. The system (5) now obtains a third equation for the current i 
and additional linear terms in the force E; therefore, the matrix of this 
system of equatious is extended to 3 <3 coefficients. Even in that case 
all coefficients have a simple and evident physical interpretation [2]. 

The transformation from (6) to (7) was derived in 1958 by Kedem and 
Katchalsky [4]. But these authors did not realize the meaning of y given 
in equation (4). They expressed y as a linear combination of the fluxes 
of solvent and solute 


Je a (8) 


yn wrfeent 


Cw 


They rejected the form (7) in the erroneous belief that “besides volume 
flow the flow generally measured is not y but the solute flow J,”". Michaeli 
and Kedem [5] discuss in a paper in 1961 a new transformation 

dS 


Js ; 


However, (7) together with the physical interpretation (4) is superior 
to (9). This is not only due to the fact that y and not J, is the flow 


generally measured (besides volume flow), but mainly to the fact that in (7) 
the three independent forces P, Il, E appear separated, whereas in (9) P 
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appears only in the combination P— II. A detailed discussion of the linear 
phenomenological equations corresponding to the quadratic forms (7) and (9) 
demonstrates that at (7) is the form adapted to the normal experimental situa- 
tion. [So, for instance, the special conditions P=9 or II=0 are of practical 
importance, whereas the condition P —II=0 is rather artificial; information 
about 2 E/@ Tl is more instructive than about é £/a (P — II); etc.] 

The fact that the fluxes J; are not direct observables has been overlooked 
in most papers concerned with transport across membranes. The discrepancy 
between what one would normally expect and what one observes may become 
rather drastic in systems far from equilibrium (where linear phenomeno- 
logical equations no longer hold). As early as 1938 Schreinemakers |6] 
had pointed out that the flux of a species not only may be directed against 
its driving force (a phenomenon possible and well-known even in the neigh- 
bourhood of equilibrium), but that it can also happen that the composition 
of the “transported mixture” may be intermediate between the compositions 
of the outer phases. In this case the concentrations of both bulk phases either 
increase simultaneously—or they decrease simulta- 
neously. In such “deviation systems” [2] it can happen that the system 
departs more and more from equilibrium and finally reaches a situation 
where one outer phase vanishes completely. Deviation systems contradict 
neither the principle of mass conservation nor the second law of thermo- 
dynamics. The reason that they have not yet been observed may be due to 
the fact that only inhomogeneous membranes (composed of several layers) 
can show this effect—or due to the fact that one has not looked for them. 
In deviation systems equation (4) splits up into two equations: We must 
now differentiate between the chemical flux x’ and  ” in the left hand and 
right hand bulk phases. y’ and y” now have different signs—or in other 
words, d x,/dt and dx,’/dt have the same sign. 
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Active Transport and Metabolism 
By 


Hans H. Ussing 
Institute of Biological Chemistry, University of Copenhagen, Denmark 


By definition active transport requires metabolic energy. In most cases 
of active transport, however, the energy consumption is too small to give 
a measureable contribution to the overall energy consumption of the cell. 
In such cases the active nature of the transport must be inferred from, for 
instance, net transport against an electrochemical potential gradient. There 
can be no doubt that active transport processes can be energized by anaerobic 
as well as aerobic metabolism. Thus active transport cannot be a specific 
consequence of either one. In recent years evidence has been accumulating 
that certain active transports at least are energized by the splitting of energy 
rich phosphate bonds. 

Thus there is unequivocal evidence that alkali metal ion transport in red 
cells can be driven by added ATP (Gardos 1954) and that arginin phosphate 
injected in squid giant axons can deliver energy for the active extrusions 
of sodium ions (Caldwell et al. 1960). In other cases the evidence for 
the involvement of energy rich phosphate bonds is more indirect. Thus the 
active transport of sodium ions in, for instance, frog skin is abolished by 
such uncouplers of oxidative phosphorylation as dinttrophenol. 

Another type of indirect, albeit rather convincing evidence for the in- 
volvement of ATP in active sodium transport is the demonstration of sodium 
activated ATP-ases in membrane fractions from numerous kinds of sodium- 
transporting cells (Skou 1957, Post and Merrit 1958). 

The quantitative relation between active transport and metabolism has 
only been studied in a few systems. As an example we may consider the 
active sodium transport through the isolated frog skin. This preparation 
has the advantage that it does not perform other active transports than that 
of sodium and that, under suitable conditions, the sodium transport consumes 
a considerable fraction of the total energy-output of the system. From an 
experimental point of view it is an additional advantage that the rate of 
active sodium transport can be measured elecirically, because, as shown 
by Ussing and Zerahn (1951), the electric current output by the “short- 
circuited” frog skin is exactly equal to the net rate of sodium transport 
from the outside tc the inside bathing solution. Furthermore, the metabolism 
of this preparation is almost exclusively oxidative, the glycolysis being quite 
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insignificant. Recent studies in our Institute have shown that the trog skin 
contains only traces of glycogen. 

It has been shown by Zerahn (1956) and by Leaf and Renshaw 
(1957) that the rate of active sodium transport is one of the main factors deter- 
mining the oxygen consumption of the frog skin. Thus the oxygen consumption 
increases by 1/13 mole per equivalent sodium ion transported through the 
skin. Within the range of concentrations where accurate measurements can 
be made, this figure iis the same whether sodium is transported against a con- 
centration gradient or whether it is transported between identical solutions. 
Neither does it depend on whether or not sodium is accompanied by an anion 
or whether (during short-circuiting) it is moving alone. 

If we assume that the sodium pump is driven by the splitting of ATP, 
it should be possible to make a rough estimate of the efficiency of the sodium 
pump. Let us assume that the P/O ratio of the skin is 3, meaning that 3 mole- 
cules of ADP are phosphorylated for each atom of oxygen consumed. Let us 
further assume that one mole of ATP can yield 8,000 calories when it is split 
to ADP and phosphate under the conditions prevailing in the cells. This 
means that for each mole of Oz consumed 48,000 calories are available for 
the transport of 18 equivalents of sodium ions. In other words, 2,670 calories 
are available for the transport of each equivalent of sodium ions. In the case 
of the short-circuited skin with identical solutions on both sides the extraneous 
work is nil, all the electric energy being dissipated as heat in the skin itself. 
This work-dissipation is given by the equation W—FXEy,, where F is 
Farady’s number and Ey, is the electromotive force of the sodium transport 
mechanism. One estimate of Ey, can be obtained from the flux ratio for 
the transported ion: Ey, = (RT/F) log (M;,/M,,,:) where M,, and M,,, are the 
inward and outward fluxes of sodium as measured with tracers (compare 
Ussing and Zerahn, l.c.). Estimated in this way, Ey, is usually higher 
than 60 mV and Jess than 100mV. The maximum values which the electro- 
motive force can attain if we assume ATP to be the source of energy can be 
estimated from the equation W =F X Ey, if we insert W = 2,670 cal and 
F 23,100. We then get E (max) =115 millivolts; this is not far from the 
maximum values for Ey, actually found, viz 97mV. In other words, the 
active transport exploits a very high percentage of the ATP-energy available. 

The estimate of Ey, based on the flux value is, however, likely to be 
too low, since it assumes the transport process to be thermodynamically 
reversible. If there are “leaks” which allow sodium to by-pass the sodium 
pump, the true electromotive force must be higher than the one calculated. 
Other estimates of the electromotive force are based on the measurement 
of the open circuit skin potential and the shunting effect of the passively 
diffusing ions. This method gives considerably higher values for Ey,. Even 
without correction for the shunting effect of passive ions, open circuit poten- 
tials of 130-140 mV are frequently recorded, notably if the anion shunt is 
reduced by treating the outside of the skin with a trace of cupric ions. Thus 
the apparent thermodynamic efficiency seems to exceed 100 per cent. As a 
possible explanation of this paradox we might assume that the ATP/ADP 
ratio in the cells is very high. Alternatively there may be a shift downwards 
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of the Ey, as soon as the skin has to do the transport of sodium. Even if we 
take the minimum value of Ey, obtained from flux ratio measurements, it is, 
however, clear that the sodium pump has an exiremely high efficiency. This 
fact has to be remembered if we want to construct models for the active 
transport mechanism. 
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Excitable membranes are endowed with the special ability to change 
rapidly permeability to ions. The ion movements thereby effected are the 
carriers of electric currents which propagate nerve impulses along nerve 
and muscle fibers. There is no alternative to the assumption that these 
extremely precise, specific, rapid and reversible changes of the membrane 
permeability are controlled by chemical reactions. The small initial heat 
during the activity of nerve fibers, measured some 40 years ago by A. V. Hill 
and his associates, was attributed by Hodgkin |1], in 1951, to ion mixing, 
thereby excluding chemical processes. The recent heat production measure- 
ments of A. V. Hill and his associates [2] have virtually eliminated this 
interpretation. 

The well known theory of neurohumoral transmission assumed that acetyl- 
choline (ACh) acts as a mediator of nerve impulse transmission across neuro- 
muscular and synaptic junctions in contrast to axonal conduction carried 
by electric currents. This hypothesis was based on classical methods of 
physiology and pharmacology; they are unsuitable for analyzing chemical 
reactions taking place ina membrane of 100 A thickness within a millisecond 
or less. Studies of the last two decades on cellular, subcellular and molecular 
levels have revealed that the action of ACh on a receptor is essential for 
the permeability changes of excitable membranes during their activity. The 
reaction apparently produces a conformational change of the ACh-receptor 
and a shift of charge which initiates a chain of events leading to increased ion 
fluxes. ACh-esterase inactivates ACh; this permits the membrane permeability 
to return to its resting condition. ACh thus acts as a trigger controlling the 
permeability changes. The role of ACh is basically similar in all excitable 
membranes, in the axonal, in the pre- and postsynaptic membranes and 
those of muscle fibers. As known for many other chemical reactions, the 
ACh system appears to be structurally organized either within or adjacent 
to the excitable membranes [3—6]. 

The theory requires that block of either ACh-esterase or ACh-receptor 
should block electrical activity. It has been shown with potent, specific and 
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competitive inhibitors of ACh-esterase that electrical and enzyme activities 
are inseparable. This has been demonstrated on a great variety of typet 
of excitable membranes throughout the animal kingdom, sensory and motor, 
cholinergic and adrenergic, vertebrate and invertebrate, central and peri- 
pheral fibers. Another type of inhibitors, the organophosphates, to which 
belong the famous nerve gases and many widely used insecticides, block 
ACh-esterase and electrical activity irreversibly by phosphorylating the O 
of the serine in the active site of the esterase. The P-O bond formed may, 
however, be broken by compounds containing a nucleophilic group which 
competes with the O of the serine and removes the phosphoryl group in a 
displacement reaction. One of the most active compounds, specific for ACh- 
esterase, turned out to be pyridine aldoxime methiodide (PAM). PAM usually 
does not reach the excitable membranes of conducting fibers since they are 
protected against this type of compounds by structural barriers. Therefore, 
electrical activity of axons, blocked by organophosphates, is usually irrevers- 
ible. However, when PAM was applied to certain preparations or after 
appropriate treatment, electrical activity was restored and the apparently 
irreversible block was reversed [7, 8]. Thus, the formation of a P-O bond 
in the active site of ACh-esterase blocks electric activity, but its breaking by 
a specific chemical reaction restores it. 

Although the receptor protein has not been isolated as yet, the mono- 
cellular electroplax preparation developed by Schoffeniels [9, 10], and 
further improved over the years by Higman, Bartels and Podleski 
[11-13], permits to analyze the interaction between receptor and ACh and 
related compounds in a remarkably precise and reproducible way. Two types 
of compounds reacting with the receptor have been distinguished: receptor 
activators, which like ACh itself induce apparently the conformational change 
and depolarize the membrane, and receptor inhibitors which react specifically 
with the active site but are unable to induce the conformational change; 
they block electrical activity without depolarization. Dissociation constants 
for several compounds have been determined [12, 14]. When these constants 
were determined with a variety of compounds and compared to ‘those 
obtained with ACh-esterase, it was found that slight modifications of mole- 
cular structure may have strong effects on the constanis of the two proteins, 
sometimes in similar, sometimes in the opposite direction. The data support 
the assumption that the active sites of receptor ana enzyme must be different. 
Structure-activity relationships with many compounds related to ACh have 
been studied. 


Local anesthetics are analogs of ACh. They are receptor inhibitors. More- 
over, they are capable of penetrating the Schwann cell and other structural 
barriers protecting the excitable membrane in conducting fibers. They act, 
therefore, in a similar way on axons and on junctions. With a large series 
of local anesthetics, Bartels [15, 16] has recently analyzed the molecular 
features responsible for transforming ACh into a local anesthetic. The 
evidence that local anesthetics are typical antimetabolites of ACh clearly 
indicates that the reaction of ACh with the ACh-receptor is inseparable 
from electrical activity, since it is well known that local anesthetics block all 
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electrical activity in all types of excitable membranes. Thus, the esséntiality 
of both members of the ACh system postulated to be responsible for the 
trigger action has been demonstrated, tests which were crucial evidence for 
the correctness of the theory. 

One of the strong objections to the theory has been the powerful action 
of ACh, curare and similar compounds on junctions and their failure to 
affect axonal conduction. This localization has been the basis of the theory 
of neurohumoral transmission. The excitable membranes of axons are sur- 
rounded by Schwann cells impervious for these lipid insoluble nitrogen 
derivatives. In recent years, however, the postulated action of curare, ACh 
and related compounds have been obtained on axons in preparations where 
the excitable membrane is poorly protected, e.g. Ranvier nodes of single 
fibers of frog sciatic nerve (De tt barn [17]), and axons of the lobster walk- 
ing leg (Dett barn [18, 19]). In other cases an action of these compounds 
on elecirical activity was obtained after chemical pretreatment had reduced 
the barriers. For instance, pretreatment of squid giant axons with snake 
venoms, in particular cottonmouth moccasin, rendered the axons sensitive 
to ACh and curare (Rosenberg and Podleski [20]), whereas without 
treatment curare and ACh, even in highest concentrations, failed to affect 
electrical activity. Tests with radioactively labelled compounds showed that 
whereas in untreated axons the compounds do not penetrate into ‘the interior, 
after treatment the compounds are found in the interior (Rosenberg 
and H os kin [21]). Thus, the inability of ACh and curare to act on electrical 
activity of axons has been unequivocally demonstrated to be due to their 
inability to reach the receptor of the excitable membrane. 

While the trigger action of ACh, controlling the permeability changes 
during activity, is similar in axonal and synaptic membranes, shape, structure 
and organization of excitable membranes and their surroundings vary greatly. 
Different types of axons show great variations in many respects: interior 
and total diameters, absence and presence of Ranvier nodes, etc. These 
variations, in spite of the similarity of the shape of axons, strongly influence 
heat production, electrical parameters, etc. Conduction velocities, for instance, 
may vary from 0.1 to 100m/sec. The differences of shape, structure and 
organization are virtually infinite in dendrites and telodendria. The mani- 
festations of electric organs differ greatly from one species to another in 
spite of the similarity of the basic mechanism of bioelectrogenesis. The action 
of compounds applied externally greatly depends on structure and organiza- 
tion, on the physicochemical properties of the surrounding, etc. This does not 
imply that the specific control mechanism of the permeability changes within 
the excitable membrane differs. Many apparently contradictory observations 
may readily be explained if these factors are kept in mind. The recent objec- 
tions of Hod g kin and his associates [22], and of Keynes and Aubert 
[23] have been shown to be untenable [4—6]. 
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Since the introduction of the carrier concept by Osterhout in 1935 [3. 
this notion has been used in the discussion of biological transport phenomena 
in increasing measure. This is mainly due to two types of observations: 
1. pronounced structural specificity of penetration, resembling in many cases 
the stereo-specificity of enzymatic reaction and indicating an essential role 
of chemical reactivity; 2. observations pointing to a limited transport capac- 
ity, i.e. saturation kinetics and competition. 

The carrier principle as such only provides a mechanism for downhill 
passage across a membrane impermeable to the unchanged substrate 
(“equilibrating systems”). With additional assumptions however it has also 
been invoked for the interpretation of uphill transport (“carrier pumps”). 
For instance metabolic reactions with the carrier changing its affinity for 
the substrate in a cyclic manner were suggested as a qualitative mechanism 
[11, 12] and treated in a quantitative manner [10]. 

From kinetical studies of the carrier mechanism a number of characteristic 
features emerged which show considerable specificity, differing not only from 
diffusion behaviour but also from kinetics of enzymatic reactions [10, 14, 
15, 16, 20]. They include a) trans-inhibition, i.e. pronounced effect of low 
concentrations at the trans side! of the membrane [16], b) decrease in the 
rate of transport within the range of high saturating concentrations—under 
conditions of fixed concentration ratio cis: trans [18]—c) inverse reletionship 
between rate of transport and affinity, again at saturating concentrations [17] 
and finally d) flow induced effects, i.e. effects of movement of one substrate 
on a second substrate. These include induced movements, possibly uphill, 
ie. countertransport [9, 14] and cotransport [21] and induced rate changes of 
spontaneous movements, i.e. competitive acceleration [18, 22]. All of these 
predictions have been verified for the equilibrating sugar transport system 
across the membrane of red cells, and many similar observations have been 
reported in a variety of uphill systems. More detailed discussions have been 
given in previous reviews [5, 22]. 


1 Definition: spontaneous movement cis — trans. 
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Recent work has been concerned with a refined analysis of carrier kinetics 
in the equilibrating red cell sugar system. The simplest formulation of carrier 
kinetics is the frequently used equation: 


= Sy So 
0= D5 es me Kal ) 
i C; D (a, — ae) (1a) 


in which v is the rate of carrier transport, C, the total amount of carrier, 
D the mobility (assumed to be equal for free and loaded carrier), S the 
substrate concentration and K,, the dissociation constant of the substrate 
carrier complex. Subscripts 1 and 2 refer to the two sides of the membrane. 

This equation is based on three simplifying assumptions the validity of 
which has recently been examined more closely: 

1. Equilibrium between carrier and subsirate, i.e. rate of substrate-carrier 
reaction high as compared to the rate of movement of the complex. 

2. Equal mobility of free and loaded carrier. 

3. Fixed molar ratio 1 : 1 of carrier to substrate in the transport complex. 

In the sugar system in red cells condition 1, according to recent analysis 
[19], may be true at least for some substrates. As to condition 3, experiments 
performed by K ot y k with 3 low affinity sugars were interpreted to indicate 
formation of pluricomplexes [21]. Condition 2. can be tested by the effect 
of the trans-concentration of a substrate on its cis > trans unidirectional 
flux. Such an effect, if observed ,indicates unequal mobilities of free and 
loaded carrier [10]. In the case of ions several observations of this kind 
are on record [1, 3, 7]. Stein [13] reports similar findings for the sugar 
system in red cells. 

The parameters of carrier systems (Michaelis constant und maximum 
rate) are frequently evaluated in terms of enzyme kinetics [ie. assuming 
uz — 0 in equation (1)]. This evaluation is based on the assumptions listed 
above. How do deviations from these conditions affect such evaluations? Does, 
for instance, in a Lineweaver-Burk plot, non-validity of the equilibrium 
condition lead to a non-linear plot? This is not so. Under the same condition 
(Se + 0) the relation between reciprocal rate and reciprocal substrate con- 
centration remain linear in the two slow reaction cases (non-enzymatic and 
enzymatic reaction) and under conditions of unequal mobility of free and 
loaded carrier. The physical meaning of intercept and slope, however, 
changes and so does necessarily the meaning of the apparent parameters as 
evaluated from procedures such as the Lineweaver-Burk analysis. Table 1 
summarizes the changes. Tabulated are the factors by which the true para- 
meters have to be multiplied to obtain the upparent parameters emerging 
from kinetical analysis in the case mentioned. 

It is of interest to compare Table 1 with the results (Table 2) of 
evaluations from which the effect of insulin on the apparent para- 
meters of the sugar transport systems in different cells has been com- 
puted [2, 4, 6]. lt appears that the results of the different authors 
in terms of parameter changes are discrepant to a degree which can 
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Table 1. Factors (Fy and F x) Relating True Michaelis-Menten Parameters (V max, K) toApparent 
Parameters (‘‘V max’ and ““K’’) as Obtained from Lineweaver-Burk Plots (assuming Sy= 0): 
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Symbols: C carrier 
cs substrate-carrier complex 


Dc Des D mobilities of complexes indicated in subscript 
a a’ rate constants of reactions as defined 
Kes Kes Kec dissociation constants of complexes indicated in subscript 


C; total carrier concentration 


E concentration of catalyzing substrate-carrier reaction. 


Table 2. Insulin Effects on Parameters of Sugar Carrier Transport. 

















| | Change in parameter 
Authors Sugar Tissue 7 it 
| Vmax Km 
Morgan et al., 1961 D-glucose perfused heart 90.0 a 27.6 
7 
18.4 8.7 
R. B. Fisher, 1961 L-arabinose perfused heart ~ 25.0 
2 0.062 
D-xylose perfused heart a 6.6 
3.5 0.21 
C.B.Crofford and D-glucose adipose tissue 90 
A.E.Renold, 1965 
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hardly be within experimental error. In one study the effect appears 
to be exclusively on affinity, in two others both on affinity and 
on capacity, but quantitatively discordant even in direction. The pos- 
sibility may be considered that the effect of insulin is not only (or not at all) 
on the true parameters, but on one of the factors affecting the apparent para- 
meters. To consider only two possibilities (without suggesting any parti- 
cular interpretation): a) if insulin acted on r this would lead to changes both 
in K,, and in D,,,,; b) depending on whether r > 1 or r < 1 the effect would 
be predominantly on K,, or on D,,,, respectively. An insulin effect on a’ 
(the rate constant of enzymatic reaction) would either lower or raise apparent 
K,,,, depending on whether K_; is larger or smaller than Kgs. 

In a kinetical analysis of carrier transport systems in terms of the two 
parameters, therefore, values for the parameters obtained should not be 
taken at face value. The attempt should rather be made to analyse the 
kinetical conditions in order to reach conclusions as to the physical meaning 
of what has been evaluated. 
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With 1 Figure 


The main problem in relation to active transport of Na and K is how 
metabolic energy is translated into a movement of ions against an electro- 
chemical gradient. The first step on the way to solving this problem was 
the demonstration that active transport is driven by ATP (Caldwell 
1956, Caldwell and Keynes 1957, Dunham 1957, Whittam 1958, 
Caldwell, Hodgkin and Shaw 1959, Cald well 1960, Caldwell, 
Hodgkin, Keynes and Shaw 1960, Hoffman 1960). A second step 
may be the isolation of the Na+K activated enzyme system (Sk ou 1957) 
and the demonstration that this enzyme system is involved in the active 
transport of Na and K across the cell membrane (for references see Skou 
1965 a). 

For an understanding of how the enzyme system takes part in the trans- 
port it is important to know whether the two sites of the enzyme system which 
have specific affinities for Na and for K respectively (Skou 1960, 
Whittam 1962, Glynn 1962), are the carrier sites for the transport. 

Carrier sites must not only have specific affinities for the cations in 
question but also be able to undergo cyclic changes in affinities to accomplish 
the transport. It is likely that changes in affinities are part of the activation 
of the transport system and that it is due to an effect of ATP, i.e., either 
on a phosphorylation of the transport system or to an effect of ATP as such 
before it is hydrolysed. 

Results from experiments on the ATP-ADP. exchange reaction catalysed 
by the enzyme system suggested that the hydrolysis of ATP leads to phos- 
phorylation of a compound in the enzyme system, and that the phosphate 
bond iis energy-rich (Sk ou 1960). 

More direct evidence for a phosphorylation is given by experiments with _ 
ATP®2 as substrate which show that there isa labelling of the enzyme system 
with P32 (Albers, Fahn and Koval 1963, Rose 1963, Charnoch 
and Post 1963, Skou 1965b, Post, Sen and Rosenthal 1965, 
Ahmed and Judah 1965). 
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The experiments show that the labelling depends on the nature of the 
cations on the two sites on the enzyme system (S ko u 1965). With Na at both 
sites [site o and site i in (1) where TS is the enzyme system] there is a high 
labelling followed by a decrease when all the ATP is hydrolysed. With Na at 
site i and K at site o (2) there is a very low or no labelling. 


Na K 
o oO 
| | 
TS (1) TS (2) 
| 
i i 
Na Na 


These results may indicate that the hydrolysis of ATP by the enzyme 
system isa two step reaction, in which the first step leads to a phosphorylation 
and that this requires Na at site i. The second step iis a dephosphorylation 
wihich is due ‘to the effect of the cation at site o. With Na the rate of dephos- 
phorylation iis low, and the labelling is therefore high. With K at site o the 
rate of dephosphorylation jis high and the labelling therefore low. 

There are, however, some results which may suggest another explanation 
(Skou 1965 b). At 37°C the addition of K besides Mg+Na increases the 
hydrolysis of ATP and decreases the labelling. At 0°C there is a Mg-+Na 
requiring labelling as at 37°C; at this temperature K thas no effect on the 
hydrolysis and still decreases the labelling. With ITP%? as substrate at 37° C 
there is also a Mg-+-Na requiring labelling as with ATP*? as substrate; in 
these experiments K also decreases the labelling due to Mg + Na to the same 
level as found with ATP as substrate, but at the same time K decreases the 
hydrolysis of ITP. The addition of K thus decreases the labelling whether 
K increases, has no effect or decreases the hydrolysis. This suggests that 
the decrease in labelling with K is not due to an increased hydrolysis of 
a phosphorylated compound. It indicates that the decrease in labelling with 
K is due to a decreased transfer of phosphate from ATP to the enzyme 
system and that there is no phosphorylation with Mg-+-Na-+K in the 
medium. In other words, when the enzyme system functions in an abnormal 
way with Mg-+Na in the medium, there is a phosphorylation, which may 
be due to an abnormal way of hydrolysis of ATP; when the enzyme system 
functions in a normal way, i.e., with Mg + Na-+ K in the medium, the hydro- 
lysis of ATP does not lead to a phosphorylation of the enzyme system. 

A possible effect of ATP on the affinities of the enzyme system for the 
cations can therefore not be due to a phosphorylation. 

A comparison between the effect of Mg, Na and K on the activity of the 
enzyme system with ITP and with ATP as substrate suggested that ATP 
as such has an effect on the affinities of the enzyme system for Na and K 
(Skou 1960, 1964). This view may find support from experiments on the 
effect of ATP and of Na and K on the effect of inhibitors on the activity of 
the enzyme system (Skou and Hilberg 1965). 

A number of widely different drugs like deoxycholate (DOC), N-ethyl- 
malimide (NEM) and urea will when preincubated with the enzyme system 











Activity 





The Enzymatic Basis for the Active Transport of Sodium and Potassium 305 


decrease the activity measured with Mg more than the activity with 
Mg+Na-+K, iie., increase the Mg-+Na+K/Mg activity ratio. ATP in the 
incubation medium protects against the effect of the drugs on the activity 
with Mg-+-Na+K but not with Mg (Skou 1963). It is common for the 
drugs which increase the activity ratio that they change the structural con- 
figuration of proteins. It seems therefore reasonable to assume that ATP 
can hinder the change in structural configuration, which leads to a decrease 
in activity with Mg+Na-+K. 
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Fig. 1. Activity with Mg + Na + K of the (Na + K)-activated enzyme system after 
incubation with N-ethylmaleimide (NEM) 10—* M and NEM 10 + ATP 3 X 10-7 M 
and with varying concentrations of Na and K respectively, Incubated at 37°C in 
Tris 30 mM/] pH 7.6 for 60 minutes. After incubation 0.1 ml enzyme solution was 
added to 0.9 ml test solution: Tris 30mM/l, pH7.6, ATP 3mM/1, Mg3Na 100K 
20 mM/1, 37° C. Note that the scale on the abscissa is not the same in the two figures. 


Na in the incubation medium influences the effect of the drugs on the 
activity with Mg-+-Na-+K in a way which differs from that of K; this is 
shown in Fig. 1 with NEM as inhibitor. Addition of ATP to the incubation 
medium changes—decreases—the concentrations of Na and of K in 
the incubation medium to give half maximum decrease in activity with 
Mg+Na-+K. 

This shows that ATP influences the effect of the cations on the enzyme 
system, and it is most likely that this is due to a change in the affinities of 
the enzyme system for the cations. The effect is due to ATP as such as there 
is no hydrolysis during the preincubation. 

The enzyme system has at least two sites with affinities for monovalent 
cations, and it is not possible from the figures to tell how ATP changes the 
affinities of each site. 

The observation that the two sites on the enzyme system not only have 
specific affinities for Na and K, but that these affinities seem to change under 
the influence of an effect of ATP, may suggest that these sites are the carrier 
Protoplasma, LXIII/1—3 20 
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sites for the transport of the cations. This makes it likely that the enzyme 
system is not just a part of the transport system but that it is the transport 
system, and thereby the link between ATP and the movement of the cations. 

A scheme for the enzyme system as a transport system would then be 
the following: 

In the deactivated form of the enzyme system, site o, which is on the out- 
side of the membrane in the intact cell, is occupied by Na, which has been 
transfered from site i to site o during the previous transport cycle; site i, 
which is on the inside of the membrane, is occupied by K , which has been 
transported from site o to site i; n is the number of ions transported per 
cycle, of the order of 2-3 (Post and Jolly 1957, Glynn 1962, Sen and 
Post 1964). 

ATP when bound to the enzyme system activates the enzyme system, i.e., 
brings it into a form in which it can do work, i.e. transport the cations. As a 
part of the activation the affinities of site o for K is increased, and Na on 
site o will exchange with K from the extracellular fluid; simultaneously ATP 
changes the affinity of site i from a K to a Na affinity and K on site i ex- 
changes with Na from the cytoplasm. 


nNai + nK° nK° + nNai 

o oO 

| | 

TS + Mg + ATP == Mg ATP TS* (3) 
| | 

i i 

nK° + nNai nNai + nK°o 


When K is at site o and Na at site i, ATP iis hydrolysed; at the moment 
ATP is hydrolysed away, the activated system is able to become deactivated, 
and this leads to a transport of the cations. 


> nie nNai 
oO o 
| | 
| Mg ATP TS* —> TS + Mg+ ADP + Pi (4) 
| | | 
| i i 
—> nNai nKo 


With a new ATP the cycle is repeated. 

There is no evidence how the ions are transported from site i to site o (4). 
It has been suggested that it is via an ion exchange which is driven by an 
ATP induced transfer of electrons (Sk ou 1964). 

The observation that ATP seems to have an effect on the structure of the 
enzyme system makes it more likely that it is an ATP induced change in 
structure and the return to the earlier state during the deactivation which 
leads to the transport of the cations. But the answer to this must await 
further experimentation. 
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Isolation of a Protein Coded for by the Permease Gene 
of the Lac Operon of Escherichia coli} 


By 


Alan R. Kolber? and W. D. Stein 
Department of Chemistry, University of Manchester, Manchester, England 


With 3 Figures 


The inducible Lac operon of Escherichia coli has been shown to possess 
three genetic loci: for the enzyme beta-galactosidase, for the enzyme thio- 
galactoside transacetylase (hereafter referred to as transacetylase), and for 
beta-galactoside permease, a membrane transport system [1, 2, 3]. The results 
of kinetic studies performed on this transport system (as in other examples 
of biological transport) lead to the postulate that a “carrier” substance is 
present, this carrier transporting the permeant through the membrane into 
the cytoplasm. In no case of biological transport has the kinetic evidence 
for a carrier been factually substantiated by concomitant isolation of the 
actual carrier itself, although phospholipids have been tentatively implicated 
in active Na+ and K+ transport in the avian salt gland [4], a phosphoryl- 
accepting residue has been identified at the active centre of the membrane- 
linked Na+, K+ activated ATP-ase system [5], and both phospholipids and 
protein have been implicated in monosaccharide transport in the human 
erythrocyte [6,7]. The facts that the Lac operon of E. coli is known to code 
for only the above three components and that this operon can be induced 
by gratuitous substrates [8] have enabled us to develop techniques with which 
we have identified a cytoplasmic expression of the permease (y+) gene. 

The principle of the technique used in this study is as follows. Radioactive 
phenylalanine is incorporated into newly-synthesized bacterial protein [9]. 
Thus, if one prepares a bacterial protein spectrum (e.g., by column chromato- 
graphy) of a mixture of two cultures of bacteria, one grown in a medium 
containing *H labelled phenylalanine and the other grown in a medium 
containing C labelled phenylalanine together with a gratuitous inducer 
for a particular operon, those proteins coded for by the DNA of that operon 
should be found to have a higher “C/*H ratio than all of the remaining 
bacterial proteins. 


1 The major items of equipment used in this study were provided from a grant 
to Prof. A. J. Birch of this department by the Nuffield Foundation. 
2 Postdoctoral Research Fellow of the U.S. Public Health Service. 
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Materials and Methods 


Cultures of E. coli, strains 2010 (galactosidase-less), 200 P (permease-less), 
and 200 PS (F Lact), graciously supplied by Dr. F. Jacob of the Institut 
Pasteur, were maintained by sub-culture on nutrient agar slopes. For each 
experiment two 500 ml cultures of the required strain were grown in minimal 
salts medium supplemented with vitamin Bi, arginine (when required by 
certain mutants), and glycerol as the carbon source. To one of the cultures 
was added the gratuitous inducer, thiomethy]-beta-D-galactopyranoside, and 
0.01 mC 4C phenylalanine. To the remaining culture was added 0.20 mC 3H 
phenylalanine (0.40mC in the case of Fig.1, see Results). To each, non- 
labelled phenylalanine was added to a final concentration of 10-*M. The 
cultures were grown in aerated flasks at 37°C for 12—18 hours, mixed to- 
gether, and the cells harvested by centrifugation at 4°C. The resulting packed 
cell mass (usually 1.0—1.8 g wet weight) was washed with cold, pH 7.6, 0.01 M 
tris-succinate buffer. Osmotically-sensitive spheres were prepared from the 
cells by the lysozyme-EDTA method of Sistrom [10], and membrane 
“ghosts” subsequently produced by osmotic lysis. The “ghosts” were sepa- 
rated from the liberated viscous bacterial cytoplasm by centrifugation at 
17,000 rpm at 4°C. This cellular extract was assayed for galactosidase by 
the method of Kuby and Lardy [11], for transacetylase by the method 
of Alpers, Appel and Tomkins [12], and for acid phosphatase by a 
modification of the method of Torriani [13]. The radioactivity of any 
fraction was measured by pipetiing 100 wl aliquots onto filter paper disks, 
which were dried at 50°C and, after the addition of 1 ml scintillator solution, 
counted in the Nuclear Enterprises (G. B.) Lid. scintillation counter, NE 8304. 

A portion of each cell extract (see legends to figures) was applied to a 
1 X40 cm column of DEAE cellulose (Whatman “graded particle size”) from 
which it was eluted with 300 ml of a linear salt gradient (0—0.8 M NaCl), by 
the method of Bock and Ling [14]. The effluent was continuously monitored 
for absorbance at 254my with an L. K.B. Uvicord effluent analyser. Each 
effluent fraction was analyzed as the extract. 

The cell membrane fraction of the 200 PS (F Lact) mutant was extracted 
with butanol after the method of Madd _y [15]. Each of the phases obtained 
after extraction was subjected to further treatment with various organic 
solvents and detergents and assayed for enzyme activity and radioactivity 
by the methods previously described. 


Results 


Fig.1 illustrates the radioactivity in the effluent following chromato- 
graphy of the cytoplasmic fraction of the 200 PS (F Lact) mutant, a mutant 
which possesses all three genetic loci. The scales for #C and 3H radioactivity 
for this and subsequent curves are chosen so as to make the curves coincide 
ata particular point indicated on the graph by an arrow, in a region assumed 
to be free of enrichment. By inspection of this figure one discerns four 
obvious areas of 14C enrichment. Two of these (the major and a minor peak) 
are identified by their respective enzyme activities (as shown); the second 
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major !4C enriched area has neither transacetylase nor galactosidase activity. 
“Enrichment” in the remaining minor area results from the very small dif- 
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Fig. 1. *C and *H content and location of enzyme activities of effluent f 


ractions 


from DEAE-cellulose chromatography of the cytoplasmic fraction of E. coli 200 PS 
(F Lact). 7.5 ml of the cell extract from a total volume of 10 ml was applied. 2 ml 
fractions of the eluate were collected, assayed and counted. The dashed line repre- 
sents 0.9x the *C counts, the solid line 0.33 x the *H counts. The lower solid lines 
are the enzyme activities drawn to an arbitrary scale. These are identified by the 


names written nearby. *H efficiency was 0.75%; 'C efficiency was 10%. Th 
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the enrichment at the other areas. The activity of a third enzyme, acid phos- 
phatase, presumably not coded for by this operon, appears mainly in an 


area of non-enrichment. A very small peak of acid phosphatase occasionally 
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appears in the area of *C enrichment having no galactosidase or trans- 
acetylase activity. 

Fig.2 depicts a similar chromatograph for the galactosidase-less mutant 
(2010). Two areas of 14C enrichment are present. One of these areas contains 
the transacetylase activity and, judged by its position on the u.v. record and 
radioactivity plot, is coincident with the transacetylase area of the previous 
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Fig. 2. DEAE-cellulose chromatography of the cytoplasmic fraction of E. coli 2010 
(galactosidase-less). 
As in Fig. 2 except: total volume of extract 9.5 ml; volume applied to column 7.5 ml. 
2.5 ml eluate fractions collected. *H efficiency was 0.5%, “C efficiency was 10%. 
Galactosidase area is that portion of the effluent volume which, if compared with 
the u. v. and radioactivity records of the other two mutant strains studied, would 
ordinarily contain the galactosidase enzymic activity. 


figure. The second 14C enriched area contains none of the tested enzyme 
activities, and its position is coincident with the corresponding area of 14C 
enrichment of Fig.1. The area of this chromatograph corresponding to the 
galactosidase-containing area of the previous figure appeared to have neither 
144C enrichment nor measurable galactosidase activity. 

Fig.3 illustrates the chromatograph of the cytoplasmic fraction of the 
mutant (200 P), deficient in permease. Again, only two areas of 14C enrich- 
ment appear. One area corresponds with the galactosidase area of the 
chromatograph of Fig. 1 and contains the galactosidase activity. The remain- 
ing area of 4C enrichment corresponds with the transacetylase area of the 
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previous figures and contains the transacetylase activity. There is.no third 
area of 14C enrichment coincident with the area where it had appeared in 
the previous chromatographs. 

None of the fractions prepared from the cell membranes of the 200PS 
mutant following organic solvent or detergent extraction were found to 
contain any measurable 14C enrichment. 
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Fig. 3. DEAE-cellulose chromatography of the cytoplasmic fraction of E. coli 200 P 
(permease-less), 
As in Fig. 2 except: total volume of extract 5.0 ml; volume applied to column 3.5 ml. 
2ml fractions of eluate collected, The dashed line is now 1x “C counts. 


Conclusions 


We can only presume from the results of our investigations, that the peak 
area of 14C enrichment having neither galactosidase nor transacetylase activ- 
ity, and which is not present in the chromatograph of the permease-less 
(200 P) mutant, must be the protein expression of the permease (y+) gene of 
E. coli. This protein is apparently cytoplasmic. There are, however, several 
alternatives to the hypothesis that this product is the membrane carrier itself. 
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Indeed, if it is the carrier, we must explain why it appears only in the 
cytoplasm, and not in the membrane fraction. Had the permease been dis- 
lodged from the membrane during osmotic lysis and the subsequent buffer 
extraction, we should presumably have detected some residual 14C enrich- 
ment in the membrane fractions. This we could not find. Moreover, accumu- 
lated evidence to date leads us to surmise that transport “carriers” are located 
in the cell membrane [4, 5, 6, 7]. What, then, is the protein coded for by the 
permease gene? There is the possibility that, as the galactoside transport 
system is an active, energy-requiring system, what we have separated is that 
portion of this system from which the active transport derives its energy. 
Alternatively, we may have located the protein (enzyme) system responsible 
for the synthesis of a non-protein carrier molecule. If the carrier is of a 
lipid or phospholipid nature (4, 6), the added 14C and 3H phenylalanine might 
not label the carrier itself but would be incorporated into an ancillary system 
such as that described above. All of these possibilities must certainly be 
explored, but it is at least evident that the techniques outlined in this report 
can be used successfully to isolate physically, and to characterize, cellular 
components linked to transport functions. 
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Evidence for a Carrier-mediated Transfer Model 
for the Accumulation of !4C-y-Aminobutyric Acid 
by Brain Particles at Zero Degrees Centigrade! 


By 


H. Weinstein, S. Varon’, and E. Roberts 
Department of Biochemistry, City of Hope Medical Center, Duarte, California, U.S.A. 


It has been shown that subcellular particles prepared from sucrose homo- 
genates of mouse brain can accumulate isotopically labeled y-aminobutyric 
acid (yABA) when suspended in a Na+ containing medium (0.2 M NaCl, 0.05 M 
tris-HCl pH 7.3, *C-yABA) at 0°C. This process is Na+ dependent, pH 
dependent and osmotically sensitive (Sanoand Roberts 1963). In studies 
which were carried out on a morphologically heterogeneous mitochondrial 
fraction (containing mitochondria, synaptosomes, myelin structures and 
vesicular fragments of endoplasmic reticulum) and a microsomal fraction 
(predominantly composed of vesicular fragments of endoplasmic reticulum) 
the following observations were made (Varon, Weinstein and 
Roberts 1964): Both preparations contained endogenous yABA in the 
particles. Upon transfer of the heterogeneous mitochondrial fraction from 
a sucrose medium to the radioactive 4C-yABA saline suspension, there was 
an initial net increment in the amount of total bound yABA, even though 
the isotopic evidence indicated a concurrent release into the suspending 
medium of endogenous yABA by the particles. This phase was followed 
by a slow net release of yABA. The accumulation of 1*C-yABA by the 
particles continued during the early stages of the net loss of yABA from 
the particles. The microsomal fraction reacted in a similar manner with the 
exception that the initial increment in the amount of total bound yABA 
was not observed upon transfer to the saline medium. This difference may 
be attributed to the observed greater rate of loss of endogenous yABA by the 
microsomal fraction as compared to the “mitochondrial” fraction. This could 
obscure the uptake from the suspending medium. After the accumulation of 
14C-yABA in a Na+ containing medium, the mitochondrial and microsomal 

1 This work was supported in part by grant NB-01615 from the National Insti- 
tute of Neurological Diseases and Blindness, National Institutes of Health, and by a 
grant from the National Association for Mental Health. 


2 Present address: Department of Genetics, Stanford Medical Center, Palo Alto, 
California. 
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fractions were transferred to a sucrose medium and subfractionated on a 
sucrose density gradient (Varon, Weinstein, Kakefuda and 
Roberts 1965). This resulted in the partial release from the particles of 
yABA with a higher specific activity than that of the particles. The retained 
14C-y»ABA and total yABA of the particles distributed in an approximately 
parallel manner on the gradient. Electron microscopy suggested that virtually 
all of the various types of particles recovered from the mitochondrial gradient 
(mitochondria, synaptosomes, endoplasmic reticulum) and microsomal gra- 
dient (predominantly composed of vesicular fragments of endoplasmic reti- 
culum) contained endogenous yABA and “*C-yABA. When gradient sub- 
fractions were prepared without prior exposure to *C-yABA and were 
then placed in a Nat containing medium, there was an accumulation of 
isotope which approximated the distribution seen for the isotope when 
binding was permitted to occur prior to the gradient subfractionation. The 
release of yABA of a higher specific activity than the average specific activity 
of the crude mitochondrial or microsomal fraction indicated the presence of 
more than one pool of yABA when the particles were in the presence of 
Nat ions. Since placing the subfractions of the gradient into a Na+ containing 
medium resulted in a binding by all the fractions, it seemed reasonable to 
infer that the various types of particles (mitochondria, synaptosomes, endo- 
plasmic reticulum) which were identified on the gradient showed the capacity 
in the presence of Na+ of forming a pool of yABA with high specific activity. 
In the sucrose medium some of the isotope remained with the various types 
of particles. This residual radioactivity approximately paralleled the 
distribution of endogenous yABA on the gradient. 

In subsequent studies of the heterogeneous “mitochondrial” fraction 
(Weinstein, Varon, Muhleman and Roberts 1965), several meth- 
ods were used for estimating the size and specific activity of the isotopically 
labeled pool which could be depleted by transferring the particles to a Nat 
free medium. This Na+ dependent pool rapidly equilibrated with reference 
to the specific activity of the suspending medium, and the size of this pool 
was dependent on the Na+ ion concentration. This pool of bound yABA 
was defined as the rapidly equilibrating pool (REP). The radioactivity and 
yABA content of the particles which could not be assigned to the rapidly 
equilibrating pool were designated as the slowly equilibrating pool (SEP). 
In a study of the sizes and specific activities of the two pools as a function 
of time, it was demonstrated that the gradual loss of yABA from the particles 
could be attributed almost entirely to losses from the SEP. The REP remained 
relatively constant. When the size of the rapidly equilibrating pool was 
increased by increasing the NaCl concentration (KCl was used as the com- 
pensating salt to maintain constant osmotic conditions), the following observa- 
tions were made. The total yABA content of the pellet increased with increas- 
ing Nat content, a finding attributable to an increase in the size of the REP. 
This net increment was in part offset by an increased release from the SEP. 
It also was observed that the greater the size of the REP the greater the rate 
of release of yABA from the SEP and the more rapid the increase in specific 
activity of the SEP. 
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The above findings have been incorporated into the following model. The 
various vesicular components of the mitochondrial and microsomal fractions 
obtained from a sucrose homogenate of mouse brain contain endogenous 
y ABA, which is at least in part, if not completely, in a free form. This yABA 
is retained within the particle because of a relatively impermeable mem- 
brane. The membrane contains mobile sites which can not bind yABA in the 
absence of Na+. In the presence of Nat these binding sites transfer yABA 
back and forth across the membrane. The net loss of yABA from the particles 
at 0-4°C is a reflection of the differing degree of saturation of the carrier 
sites on the inner and outer surface of the membrane. The frequency with 
which binding sites traverse the membrane at 0—4° C is small in comparison 
to the frequency with which binding sites can exchange yABA molecules 
with the solutions which bathe the inner and outer surfaces of the membrane. 
The situation is thus one of an equilibrating carrier system, and the accumula- 
tion of isotopically labeled yABA in the SEP would be explained by an 
uphill transport induced by counterflow (Rosenberg and Wilbrandt 
1957). The finding that Na+ plays a role in the binding of yABA is most 
probably of relevance in the mechanism involved in the conversion of an 
equilibrating carrier system into an active transport system. The maintenance 
of a Na* ion concentration gradient across the cell membrane by means of 
energy dependent processes could presumably result in the establishment of 
an uphill transport carrier sysiem for amino acids. Evidence of this type 
has been presented for glycine transport by pigeon red blood cells (Vidaver 
1964). 
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With 1 Figure 


The properties of y-aminobutyric acid (yABA) are of great interest in the 
biochemistry and physiology of the vertebrate central nervous system [1j. 
yABA is found to associate with mitochondria, microsomes and nerve ending 
particles, all of which can be sedimented from mouse brain homogenates in 
0.25 M sucrose by centrifugation between 1,500 and 15,000 X g. When a pellet 
is resuspended in 0.2M NaCl (buffered at pH 7.3) and incubated at 0-49 C 
in the presence of 2-!4C-yABA, a rapid accumulation of radioactivity in the 
particles occurs. This accumulation is dependent on the presence of Nat 
ions. A series of studies, reviewed in the preceding paper [2], has led to 
the postulation of an equilibrating carrier mechanism for the uptake of 
yABA at 0°C. The Na-dependence of this mechanism lies in a Nat ion 
requirement for the carrier to bind yABA. 

The behaviour at 29°C of the same “crude mitochondrial” brain sus- 
pensions is markedly different [3,4]. When such suspensions are pre-incubated 
in buffered NaCl at 0° for 10min in the presence of 2-!4C-yABA to allow 
tracer accumulation by the particles and are then further incubated at 29° 
in air, three processes are found to take place: metabolic degradation of 
yABA, uptake of free yABA into some particles, and release of yABA into 
the suspending fluid from particles. The present paper will review briefly 
some of the features of the above processes at 29°. 

A typical experiment is shown in Fig.1, where particulate, free and 
total yABA (right side) and radioactivity (left side) present in one ml of 

1 This work was supported in parts by grant NB-01615 from the National Insti- 
tute of Neurological Diseases and Blindness, National Institutes of Health; grants 
from the Max C. Fleischmann Foundation and the National Association for Mental 
Health. The presentation of this work was made possible through funds from grant 
NB-04270-03 from the National Institute of Neurological Diseases and Blindness, 
National Institutes of Health. 

2 Present address: Department of Genetics, Stanford Medical Center, Palo Alto, 
California. 
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suspension are plotied against the incubation time at 29°. Evidence for yABA 
metabolism is given by the marked decrease in the total yABA of the 
system (top right). Part of the metabolized yABA is converted to COs, as 
shown by the loss in total radioactivity (top left), the rest being accumulated 
in 'the system in the form of intermediate, non-volatile metabolites, largely 
aspartic acid [3]. The production of aspartic acid and COs indicates that 
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Fig. 1. Radioactivity and yABA changes in a “crude mitochondrial” mouse brain 
suspension in 0.2M NaCl (buffered at pH7.3), during incubation at 29°C under 
a constant air flow. The data refer to the total (top), free (middle), and particulate 
(bottom) contents in 1 ml of suspension. For technical details, see text and Ref. 3. 


in this subcellular system yABA degradation occurs along the general path- 
ways already described for yABA metabolism in vivo and in vitro [1], namely 
the entrance into the Krebs cycle of the succinic acid formed from yABA 
by transamination and subsequent oxidation of dhe succinic semialdehyde 
formed. This, and the reported presence of yABA-transaminase in brain 
mitochondria [5], point to mitochondria, and possibly mitochondria containing 
nerve endings, as the yABA metabolizing particles of the system. 

The free yABA in the suspending fluid (Fig. 1, middle right) 
undergoes an early decrease and remains at 1a constant low level thereafter. 
Since yABA is not metabolized by the suspending fluid after removal of the 
particulate matter, this decrease represents an uptake of free yABA by 
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the particles. A similar decrease is observed in the overall radioactivity of 
the medium (middle left). 2-C14-yABA counts, however, disappear at a much 
faster rate than does the total free yABA. In other words, the specific activity 
of the yABA left in the medium decreases markedly, at least in the early 
stages of incubation. This is indirect evidence for a concomitant release 
into the fluid of particulate yABA having, as reported elsewhere [2], a con- 
siderably lower specific activity than that of the medium. 

The yABA content of the particles during the experiment (Fig. 1, lower 
right) thus represents the balance between yABA gains through uptake and 
yABA losses through release and metabolism. The finding that the radio-. 
activity (lower left) is in the form of non-volatile metabolites rather than 
yABA [3] establishes that the uptake of free yABA into the particles is not 
due to an increased yABA-binding capacity of the particles but to a “trans- 
port” process which makes it directly available to the metabolic sites. More- 
over, the rapid metabolism of the yABA newly ‘taken up, in preference to 
that already associated with particulate matter, strongly suggests that the 
latter is localized in pools or particles different from those where yABA 
metabolism takes place. Aerobic incubation at 29° of purified microsomal 
suspensions under otherwise similar conditions has yielded direct evidence 
that at least one type of yABA-containing particle, namely the microsomes, 
is not capable of metabolizing yABA [3]. Such particles are also incapable 
of taking up additional yABA from the medium. In fact, all of the yABA 
initially associated with them is rapidly liberated at 29° into the suspending 
fluid, thereby demonstrating the occurrence of the release process already 
deduced from the preceding data. 


A lack of yABA metabolism and yABA uptake accompanied by a release 
of particulate yABA, similar to that observed with purified microsomal 
preparations, has been found to characterize also the “crude mitochondrial” 
suspensions under a variety of experimental conditions. One of them is 
incubation under nitrogen instead of air. Owing to the lack of yABA metabo- 
lism (no decrease in the yABA content of the whole suspension), all the yABA 
lost by the particles is recovered in the medium, and the particulate yABA 
curve can be taken to represent the time course of the release process. A 
striking finding was that yABA disappeared from the particles at approxi- 
mately the same rate when incubated in air Oz or Ne. It can be conjectured 
that, under aerobic conditions, uptake and metabolism balance each other 
out and that release of particulate yABA occurs as it does under anaerobic 
conditions. 

A partial inhibition of uptake of 2-'4C-yABA is obtained under aerobic 
conditions, when incubation is carried out in the presence of aminooxyacetic 
acid. This is an inhibitor of a transamination reaction which is the first 
enzymatic step of yABA degradation. In this case, the ability of the particles 
to take up yABA from the medium can be restored by the addition of pyruvic 
acid to the system. It thus appears that inhibition of yABA uptake results 
from the inhibition of yABA metabolism when tthe latter is a source of 
energy in the system. The energy-dependence of the uptake process is con- 
firmed by the finding that yABA uptake is inhibited by dinitrophenol or by 
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ouabain. The drastic reduction of yABA metabolism which is also-observed 
under these conditions appears to be the consequence of the interrupted trans- 
port of free yABA to the metabolic sites. That this transport may even occur 
uphill is suggested by the accumulation of yABA by the particles which is 
observed when yABA metabolism is blocked (aminooxyacetic acid) and an 
alternative source of energy (pyruvate) is made available. The rate of 
disappearance of yABA from the particles is decreased when the uptake 
process is stimulated by the addition of exogenous yABA. 

Particles suspended in sucrose or buffered KCl give no evidence of taking 
up yABA from the medium, while they do rapidly lose the yABA already 
associated with them. A small amount of yABA is metabolized in the KC] 
medium, but none in the sucrose medium. 

These, and other, experimental data may be interpreted as follows: The 
system is made up of two classes of particles (A, B) in a suspending fluid. 
One class of particles (A) is defined as metabolically active and capable of 
taking up free yABA. This is probably composed of mitochondria and/or 
nerve endings which contain mitochondrial inclusions. The B particles, such 
as microsomes and possibly other types, only release their yABA and thus 
behave at 29° as a yABA reservoir for the A particles. Through the uptake 
process, yABA initially free and yABA released from the B particles during 
incubation is made available to the metabolic sites in the particles. The 
uptake process is Na+-dependent. It is also dependent on energy, and one 
of the contributing energy sources is the metabolic degradation of yABA. 
Owing to the cyclic nature of this system—metabolism to energy to uptake 
to metabolism— interference at any level will interfere with the entire system. 
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Countercurrent Principle 
By 
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With 4 Figures 


The countercurrent principle has been found to be operating in a variety 
of special designs and for very different purposes throughout the vertebrate 
kingdom. In the teleost fish the rete mirabile is capable of creating or at 
least preserving an appropriate gas pressure in the swimbladder, which in 
some deep sea fish may amount to several hundreds of atmospheres. In warm 
blooded animals—birds and mammals, including man—the countercurrent 
exchange of heat is used for the conservation of normal body temperature in 
a cold environment. Considering the time limitation, I shall restrict myself 
to some aspects of the countercurrent multiplier system of the mammalian 
kidney. 

As you probably all know, this principle was elaborated mathematically 
and tested experimentally in a working model by Hargitay and Kuhn 
|i]. Its most conspicuous feature was that it provided the means for the 
production of high osmotic pressures without involving steep osmotic 
gradients. When, however, we had combined our efforts to adapt the concept 
of this model to the mammalian kidney and to test its validity in biological 
experiments, it was not before the lapse of several years that we discovered 
a feature of probably much greater significance; quite inadvertently we had 
deleted the notion of active water transport. 

Until then it was clear to the renal physiologist that the production of 
an osmotically concentrated urine involved the active reabsorption of water. 
Today it is well established that the removal of osmotically free water from 
the collecting ducts does not require any activity on the part of the collecting 
duct epithelia. Instead, the water follows an osmotic gradient into an 
environment made hypertonic by the countercurrent multiplier system of the 
loops of Henle. Osmotic countercurrent multiplication requires 1. the flow 
of a solution along the tube which doubles back upon itself and 2. an active 
driving force (the Einzeleffekt of Hargitay and Kuhn), whic is 
capable of establishing a (limited) osmotic pressure difference between the 


1 Prof. Dr. med, Heinrich Wirz c/o J. R. Geigy AG., Basel. 
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contents of the two limbs. In the mammalian kidney a tube of appropriate 
shape is provided by the loops of Henle, and the driving force is considered 
to consist in the active sodium pump of the ascending limb. 

Active transport of sodium across the epithelial wall causes the tubular 
fluid to become hypotonic and the contents of the extracellular space to 
become hypertonic. It must be postulated that this extratubular hyper- 
tonicity is transmitted by some means to the contents of the descending limb. 








Fig. 1. Countercurrent exchange system. The oxygen leaves the medulla in tic outer 
zone, (With permission.) 


How this is achieved, we do not know exactly; however, there is good reason 
to assume that it is again the osmotic removal of water which plays a major 
part. In any case, the contents of the loops near their bend have been found 
to be in osmotic equilibrium with their surroundings. 

Thus, a hypertonic fluid enters the ascending limb of the loop, and this 
is the crucial step of the countercurrent multiplier mechanism. Sodium 
reabsorption from the ascending limb proceeds as before, setting up the same 
osmotic pressure difference across the tubular wall; but, since the process 
starts from a higher osmotic level, the extratubular hypertonicity produced 
in this step is higher than if there were no countercurrent system involved. 
Again this enhanced hypertonicity is transmitted to the contents of the 
descending limb, and so the medullary intratubular and exiratubular osmotic 
pressures work themselves up to the well known values of antidiuretic urine. 
Protoplasma, LXIII/i—3 22 
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I cannot devote much time to the description of the function of the vasa recta. 
Fig.2 shows that they form another set of hairpin countercurrent systems. In 
contrast to the countercurrent multiplier system of the loops of Henle we may 
consider the vasa recta as a passive exchange countercurrent system, which does 
not go far in helping with the production of the high medullary osmotic pressures, 
but which at least does not interfere appreciably with an osmotic stratification 
already existing. On its way down in the arterial limbs the blood adapts its osmotic 
pressure to that of the surroundings by outward diffusion of water and by taking 
up diffusible solutes; and the opposite happens on the way up in the venous limbs. 
At the tip of the papilla of the golden hamster the osmotic pressure of the blood 
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Fig. 2. Three different types of membranes with regard to water permeability. 
~--- freely permeable, practically impermeable, -.--- facultatively (ADH 
dependent) permeable, 





has been found to equal that of the urine which is simultaneously formed [2] and 
of the contents of the loops of Henle |3). 

This unorthodox design for the irrigation of the medullary tissue is an in- 
dispensable prerequisite for the functioning of the concentrating mechanism, yet it 
may impose a serious handicap to the nutrition of the lower parts of the medulla. 
Some of the diffusible blood constituents, among them particularly the oxygen, may, 
instead of going the whole cumbersome course io their destination, cut short 
through the tissue and leave the medulla via ihe venous limbs already in the outer 
zone (Fig. 1). 


The mammalian kidney is capable of producing not only a hypertonic 
but also (in water diuresis or diabetes insipidus) a very dilute urine of low 
osmotic pressure. It was one of the surprising discoveries, not anticipated 
in any working hypothesis, to find the same mechanism in the same renal 
structure to be responsible for both the dilution and the concentration of 
urine: the sodium pump in the ascending limb of the loop. In the first case 
the intratubular hypotonicity is maintained throughout the distal convolution 
and the collecting duct; in the second case the extratubular hypertonic- 
ity—multiplied by countercurrent—provides the means for the removal of 
water from the collecting ducts. 
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Whether the first or the second of these two possibilities is ultimately 
reflected in urine tonicity depends largely on the water permeability of the 
structures downstream from the ascending limb. We must, therefore, postulate 
in the renal tubular structures the existence of three different types of mem- 
branes with regard to water permeability (Fig. 2). 

The proximal tubule, certainly in its convoluted part and most 
probably also in the pars recta, shows a water permeability of a sufficient 
degree to prevent the establishment of any measurable osmotic pressure 
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Fig. 3. Distal tubular fluid/plasma ratios (TF/P) and ureteral urine/plasma ratios 
(U/P) of total molecular concentration in the concentrating (@) and the diluting (0) 
rat kidney. (From Wirz [4].) 


difference across the tubular wall. All solute transport—excretory or re- 
absorptive—takes place iso-osmotically. Every milli-osmol of a transported 
solute is accompanied pari passu with approximately 3.3.ml of water. 

The next structure that lends itself to micropuncture from the renal 
surface is the early distal convoluted tubule, just distal to the macula densa. 
Here, invariably the tubular fluid has been found to be definitely hypotonic. 
The water permeability of the ascending limb must, therefore, be so 
low as to permit the production and maintenance of an appreciable osmotic 
gradient consequent to the activity of the sodium pump. Since the degree of 
hypotonicity is apparently the same in both the diuretic and the antidiuretic 
state, the low water permeability seems to be an obligatory feature, not 
influenced by the antidiuretic hormone, of the ascending limb epithelia. 

This is in sharp contrast to the convoluted part of the distal 
tubule and to the collecting duct. Whatever the ontogenetic, 
morphologic and functional differences of these two structures may be, one 
feature is common to both: their water permeability is facultative and 
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significantly influenced by the antidiuretic hormone (ADH). It is very low in 
the state of water diuresis or diabetes insipidus, and it is enhanced by ADH 
to the point where the osmotic pressure difference between intratubular 
and extratubular fluid becomes virtually nil. 

For the distal convoluted tubule we have shown this in 1956 [4]. In Fig.3 
the osmotic tubular fluid/plasma ratios in the distal convolution in water 
diuresis (open circles) and in antidiuresis (black dots) are plotted against 
the percent length of the distal convoluted tubule. In both cases the urine 
enters the distal convolution in a definitely hypotonic state (demonstrating 
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Fig. 4. Relation between the osmolality of collecting duct urine and fluid from loops 
of Henle and vasa recta blood in various normal desert rodents and in hamsters 
with experimental diabetes insipidus. (From Gottschalk [5].) 


the obligatory water impermeability of the ascending limb). In the absence 
of ADH this hypotonicity is maintained throughout the distal convolution, 
whereas in antidiuresis an osmotic equilibration takes place, and isotonicity 
is achieved at about the middle of the segment. Water permeability, there- 
fore, is poor during water diuresis and is enhanced by ADH. 

The resulis have been amply confirmed by Gottschalk [5] in normal 
and diabetes insipidus rats; and recently Ullrich et al. [6] have dem- 
onstrated in microperfusion experiments that in the normal hydropenic rat 
the water permeability of the distal convoluted tubule is appreciable 
(although not as good as that of the proximal convolution), whereas in 
diabetes insipidus it may be as low as virtually zero. 

The same sort of faculiative water permeability can be atiributed to the 
collecting ducts indirectly from what is shown in Fig.3. It is demonstrated 
unequivocally in Fig.4 (from Gottschalk [5]), which shows the results 
of micropuncture experiments at the renal papilla of golden hamsters. If 
urine is dilute (on the left of 300 milli-osmol/kg) both the blood and the loop 
fluid are found to be isotonic or, on the average, slightly hypertonic. This 
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demonstrates an osmotic barrier at or in the collecting duct epithelia. This 
barrier is abolished as soon as we proceed into the hypertonic region (on 
the right of 300 milli-osmol/kg) under the influence of ADH. Here the dots 
and circles cluster close to the straight line of 45°, demonstrating the absence 
of osmotic barriers throughout the deep medulla. 
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With 8 Figures 


The kinetics of intestinal absorption can receive a simple mathematical 
formulation through the application of compartmental models. If one 
assumes the linearity of the system under analysis and calls X (t) the function 
which represents the fractional concentration in blood of a given substance 
at time t and X+ (t) the function which represents the fractional concentration 
at time ¢t of the same substance when given by mouth, then between the 
two functions it is possible to write the equation 


t 
X+ (t) = [@(s) X(t—2) dz. (1) 
0 


This equation indicates that X+ (t) is formed by the convolution between 
X (t) and G (t), which is the weighting function that represents the kinetics 
of the transfer of the substance from intestine to blood. The function G (t) 
is the function of the concentration vs. time of a given substance that would 
appear in blood when present in the intestine at time t —0 for an infinitesimal 
time interval in unit amount; in other words, G (t) d t indicates the probability 
of observing a particle of a given substance in blood in the time interval 
between ¢ and ¢t-++-dt when present in the intestine at time t=—0. The system 
used in this case may be represented by the two black boxes of Fig.1, and 
G (t) can be calculated in several ways: 

A. The weighting function G (t) can be calculated by deconvolution 
between X+ (t) and X (t); this operation can be performed as follows: 

Let us represent equation (1) by the summatory 


n 
X+n = VG@n+X_At 
k=0 


where X+, and X, are the mean values of X+ (t) and X (t) in the n-th and in 
the k-th time interval At, and G,-;, is the mean value of G(t) in the 
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(n—k) —th time interval At. When X+; and X; (j=0, 1, ..., n) are*-known, 
it is possible to calculate G; by the following matricial equation 


1Gy} = |X|“ {X45} (2) 


where { } represents a column matrix and |X| is the matmx 


The operation of deconvolution can be carried out by a desk calculating 
machine, following equation (2), by performing the operations (Rescigno 
and Segre [1]) 

Xto X*; Xte 
= Go Xo — Go X1 — Go X2 
=X. —GAX 
per eee 


Go = X+o/Xo 
Gy = (X+1 — Go X1)/Xo 
G2 = (Xtz— Go Xz — Gy X1)/Xo 


The operation of deconvolution can also be carried out by a digital com- 
puter and a program for IBM 704 is available at the Argonne Laboratory 
(Program Library 650/PHY 148 A) (Phillips [2]). 


2 | | 
: Gt) pe} 


Fig. 1. The system used to study the kinetics of intestinal absorption is formed by 
two black boxes. When the substance is introduced i. v., one determines the output 
at 3 for an imput formed by an impulse applied at 2 (i.e. one determines X [é]); 
when the substance is given by mouth, one determines the output at 3 [X*+ (t)] for 


an imput formed by an impulse applied at 1 (X* (#) = Se@ (t) X (¢— t)d 7). 

















B. Information on the form of G (t) can be given by the analysis of the 
precursor-successor relationship of the two functions X(t) and Xt+ (#) 
(Rescigno and Segre [3]). The precursor’s order is equal to one plus 
the number of the compartments which connect the precursor to the successor. 
For instance, if two compartment are adjacent, then their precursor’s order 
is equal to one. To distinguish between order one and a higher order, one 
can calculate the limit 


(3) 
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If this limit is different from zero, then the precursor’s order is one; if 
the limit is equal to zero, then the precursor's order is at least two; in this 
case the order i can be determined by searching for which i 


are: eS a 
fc rauecaeb 
(Beck and Rescigno [4}). 


The analysis of the precursor’s order is a very useful tool in the formula- 
tion of the model. 
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Fig. 2. Example of Kinetics of Sulfadiazine in Man. 


C. The fitting of the experimental data to a multiexponential function 
(which is the usual outcome of a determination in a system of compartments) 
can be carried out by semilog plot of the data and a peeling procedure or 
by analog or by digital computers. 

Some problems of drug kinetics have been analyzed by analog computers 
(Garrettetal. [5], Taylorand Wiegand [6]). An example of analysis 
through an analog computer of the intestinal absorption of ®Mg in man 
is given by Silverman and Burgen [7]. One of the disadvantages of 
the use of analog computers is the subjective appraisal of the goodness of 
the fit (see, however, the device suggested by Uf ferand Sheppard [8)). 

Several programs have been written for digital computers for the analysis 
of systems with few compartments (She p pard [9], Kriiger-Thiemer 
et al. [10, 11, 12], Wiegand and Sanders [13]). However, the program 
written by Berman et al. [14, 15] is the most versatile and the most useful 
in compartmental analysis. This program can be used in compartmental 
analysis by an IBM 7090 to obtain the best fit of the experimental data to 


a multiexponential function Yi Ae-*, i.e., to obtain the A;'s and the a;3s, 
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or to obtain the transfer constants of the model, ic., the fractional-amount 
of a compartment entering another compartment in a time unit. The follow- 
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Fig. 3. Example of Kinetics of Hypuran in Man. 
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Fig. 4. Kinetics of Para-amino-hyppurate in Rabbit. 


ing values are calculated and printed by the computer: the transfer constants, 
or the A,'s and the a,'s, with their standard deviations; the observed experi- 
mental data and the calculated values (with their graph), their difference 
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10 





and their ratio as well as the sum of their squares and the sigma of all 
the data. 

In every analysis of intestinal absorption kinetics here presented, the 
methods A., B. and C. have been used, methods A. and B. being utilized in 
the preliminary step of model formulation and C. in the final step of model 
solution. The approximated initial values of the transfer constants, to be 


X(t) iv. 04) duodenum Xb 
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Fig. 5. Kinetics of Xylose in Rabbit. 





Fig. 6. Compartmental model for the kinetics of intestinal abs rption. 1 = intestine; 
3 = blood; 4 = extravascular space; 2 = compartment localiz:d between 1 and 3 to 
account for the kinetics, 


given to the computer, are calculated by semilog plot of the data and the 
rules of compartmental analysis (Rescigno and Segre [1]). The final 
values are given by the computer in 2 or 3 iterations. 

The study of intestinal absorption has been carried out in man as well 
as in animals (rabbits) by determining X (¢) and X+ (¢) (in rabbits the intra- 
duodenal pathway has been utilized). 

The substances used in these experiments were: in man: sulfadiazine and 
131]-labeled Hyppuran; in rabbits: xylose and p-amino-hyppurate. 

The results are shown in Figs. 2, 3, 4. and 5 and an Table 1 in a summarized 
form, the principal ai:n of this paper being the presentation of the theoretical 
aspects of the method. 
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In Figs. 2, 3, 4, 5 the values of some experiments for each group are. shown 
as well as the corresponding weighting functions; in Fig.4 has not been 
feasible to calculate with good approximation the weighting function (because 
of the speed of absorption) and the precursor-successor relationship only 
has been used; limit (3) was equal to zero, pointing therefore to a precursor’s 
order higher than one. 

In every case studied the simplest model to account for the kinetics was 
a system of 4 compartments, whose topological structure is shown in Fig. 6, 
in which the points represent the compartments and the directed arms 
represent the transfer constants. In this model, / represents the intestine, 
3 the blood, 4 an extravascular compartment and 2 is a compartment localized 


Table 1. Values of the Transfer Constants of the Model for Intestinal Absorption. 

















a. Soe ee kyg | gg k30 
Radiohyppuran 
(man), average } 
of 5 cases 0.070 0.036 | 0.142 0.068 0.058 
Sulfadiazine (man) 0.223 0.032 0.017 0.028 0.002 
p-Amino-Hyppurate 
(rabbit), average 
of 8 animals 0.387 0.010 0.100 0.065 0.060 
Xylose (rabbit), 
average of 6 animals | 0.041 0.099 0.012 0.030 0.013 


between 1 and 3, which is suggested formally by the analysis but cannot be 
identified anatomically. 

The values of the transfer constants of Table I have been calculated by 
the computer. 

The analysis of the experimental data can be carried out by the computer 
in two ways: 


1. By fitting simultaneously the two blood kinetics, following the scheme 


of Fig. 7: summer 5 gives the analytical form of X (ft), i.e., X (#) = Au enait 
iad 


(¥},A1;=1) and summer 6 gives X* (t =S4n e-4a;t ());A2;=0). The 


intestinal transfer function g (s), that is the eee transform of the corre- 
sponding weighting function G (t), can be obtained through the operation 


Yeni s+a, 
g (8) = & jog a ae 
VA 1i/(8 + a) 
and G (t) 1s determined by antitransforming g (s) 


G (t) = L-1 {g(s)}. 
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In all our cases 
8+ khiz 8+ keg 





g (8) = kas. 


1. By using the above described system of 4 compartments, the procedure 
of direct solving of the model is simpler than the analytical fitting; this last 
procedure implies the determination of 8 parameters (A1:, A421, 422, Ass and 





Fig. 7. Scheme of the fitting of experimental data to multiexponential curves by the 
computer; summer 5 is made to fit X (#) = A,, e-%* + A,,e-%'; summer 6 is made 
to fit simultaneously X+ (t) = A,, e—%:* + Ag, e—%2* + Ay, e—%* + Ag, e—%l. 
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Fig. 8. Scheme for the direct model solving by the computer. Compartmental model 
Intestinal Absorption. 


the 4 a,'s), whereas the direct solving procedure requires 5 parameters only 
(the 5 transfer constants). In order to carry out practically the model fitting 
it is necessary to introduce a complex of 2 systems, as shown in Fig. 8, where 
compartment 3 iis made to correspond to X+ (t) and compartment 5 to X (f), 
and the following system of constraints is introduced 


kz = ks 
kaz = kes 
k30 = kso 


It can be stressed that the method using Radiohyppuran in man is the 
first instance of a test for the appraisal of the kinetics of intestinal absorption 
in man. On the other hand, it is possible in rabbits to study the action of 
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drugs that can modify the intestinal absorption; for instance, the action of 
ethylen-diamine-tetra-acetate can be analyzed through its effect on the values 
of the transfer constants of the model. Also the possibility of comparing 
the in vivo to the in vitro data can be foreseen. 
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Concluding Remarks at the “Symposium on Biophysics 
and Physiology of Biological Transport” 


By 


Torsten Teorell 
Institute of Physiology, University of Uppsala, Sweden 


This Symposium has been a successful meeting, where many fine achieve- 
ments have been presented. I do not feel capable of evaluating all the papers 
individually or as groups. Instead I would prefer to give an over-all- 
admittedly very sweaping and personal-survey of the problems we all 
are interested in. I am not going to refer to any names of our good speakers, 
it would just be a reiteration of the Symposium. 

My first impression is that the center of gravity at this meeting has leaned 
towards the biochemical side of transport and relatively little has been said 
about the biophysics. I should like io make an attempt to restore the balance 
by supplying some physico-chemical view points, which also may help 
to give the concluding remarks a common denominator. 

The best unifying framework into which I may be able to insert the 
Conference, is the general transport equation: 


Transport=K X (conc.) X (mobility) X (sum of driving 
forces) 


There exist, as is well-known, two different approaches, a) kinetics and 
b) irreversible thermodynamics. Both are powerful tools and are, of course, 
aimed towards the same goal, and, on the whole, these two approaches 
are but two different languages of somewhat different convenience. The more 
classical, kinetical approach, leading back to Fick and Nernst-Planck, is 
perhaps more appealing to the experimentalists, who can measure the 
necessary parameters. The drawback of kinetics is that it requires a 
great deal of information of what happens within the membrane. On 
the other hand, irreversible thermodynamics treats the membranes more 
or less as a black box and has to use “phenomenological coefficients”, which 
are theoretically well-founded, but experimentally somewhat difficult to 
gain access to. Correctly treated, either of the two approaches ought to give 
the same end result. 

So much for the general formulation of “transport”. New let us consider 
iis two main factors. The mobility factor first and the driving force 
later. The mobility is the inverse of friction under unit force. In an area 
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where transport occurs—it may be a cell membrane, intracellular membrane, 
across a blood capillary or epithelium layer etc.—mobility depends both on 
the properties of the transported particle (its size, its charge, hydration etc.) 
and on the nature of the membrane. The membrane factor itself, comprising 
the structural architecture along the transport route, is determined by the 
chemical composition and the physico-chemical structure, as well by inter- 
vening chemical processes. Hence, what it usually measured and designated 
as “permeability” is a very complex function of the nature of the transported 
particle as well as of the membrane. What we, at best, can see in experi- 
ments is a net effect, which may arise from either or both factors. This is of 
course, an important point, which has to be remembered when one attempts to 
evaluate experimental observations of the type so frequently presented at this 
meeting, whether they arose from morphological, chemical or physical studies. 

Before turning to comments on the interplay of the various driving forces, 
a few words of the present trend of defining living cell membranes more 
as a dynamic then as a static organization. The term “pores” has become 
rather a statistical concept of an average property, both as regards to 
apparent diameter and with respect to time. Instead of being considered as 
a kind of “sieve”, cell membranes are regarded as more or less flowing, 
highly dynamic formations, when observed by an imaginary spectator sitting 
right in the submicroscopical membrane structure. With the concept “mem- 
branum mobile”, we will be forced to consider more than hitherto the achieve- 
ments of surface, or rather interfacial chemistry. This is a subject which has 
up till now mainly belonged to the laboratory model research. As has become 
evident in many papers of this Meeting we have to resort to events in well 
organized, oriented layers forming, so to speak, a “two dimensional world”. 
Many of the laws governing, say bi-molecular layers (Danielli), are as yet 
undefined. A consequence of the dynamic concept is concerned with terms 
like “pinocytosis”, “invaginations”, “vesicle formation” etc., terms favoured 
by those, who have used the electron microscope as a research tool. 

The generation of volleys of action potentials by nerve and other 
excitable tissues is one of the most conspicuous transport processes exist- 
ing in which one encounters the concept of instability and 
rhythmicity of membrane events. In the past the prevailing idea 
was a kind of picture of unstable or exploding chemical reactions, which 
were behind the various excitability manifestations. Without in any way 
denying the necessity of coupling to chemical energy, it might be fair to 
state that we nowadays have a more biophysical piciure in our operational 
thinking. It would perhaps be possible to regard all living membranes as 
“metastable” structures, in the sense that they may attain one or two, 
perhaps several, stable equilibria of the dynamic type. One of them may 
be relatively stable, or favoured, while the others are unstable, i.e., normally 
the system would like to attain such a state, but usually it cannot remain in 
it, for example the nerve axon, according to Tasaki and others has two 
stable states, one at the normal resting potential level, the other at the de- 
polarized state, both of which can be revealed with special treatments of the 
nerve. Even in the latter state the nerve is excitable, although the responses 
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would be in a direction opposite to the normal. I think that this idea of “multi- 
stability levels” can be generalized also to include other types of cell reactions, 
because the reactions are all of a more or less coupled type. The mathe- 
matical tool for handling the coupled interactions is the science of non-linear 
mechanics, which, I believe, more than hitherto, will appear in the biophysics 
and biochemistry of the future. Turning back to the mechanisms of the action 
potential as an instability phenomenon, we must ask whether it is the mem- 
brane structures, which control the “mobility” or whether there is a rhythmical 
interplay of the driving forces, or perhaps a combination of both of these 
fundamental factors, appearing in the transport equation. We have ac- 
cordingly a chemical aspect as well as a biophysical aspect. As was said in 
the beginning, most of the papers presented at this Symposium have leaned 
towards the biochemical side. Of course, it is necessary to think in terms 
of structural changes, which can be analytically determined, or even seen, 
say, by means of the electron microscope. However, a biophysical approach 
using electrokinetics and/or irreversible thermodynamics, both aided hy 
non-linear mechanics, reveals the possibility that instability and rhythmicity 
may arise from the interplay of the “invisible” driving forces, even in cases 
where the membrane structure remains completely unchanged. As an example 
I may refer to the results of work carried out in our laboratory (see the Refe- 
rences). We mimicked a cell model simply by a porous membrane carrying 
fixed charges in its interior, surrounded it with an alkali salt and then applied 
a constant electric current across the system. Provided the current was above 
a certain threshold intensity, the experimental model showed marked 
oscillations of the transmembrane potential, in the over all membrane resist- 
ance as well as in the transport of salt and of water. For some details I may 
refer to a few slides (demonstrated) taken from our publications. Our 
provisional explanation of the phenomenon rests on the assumption that 
there is an interplay between three driving forces, i.e., the chemical poten- 
tial arising from concentration gradients, the electrical transmembrane poten- 
tial and the hydrostatic pressure gradient. In fact, it seems to be the addition 
of the third force, expressed by the bulk water movements, which is the key 
to the instability and rhythmicity observed. This water movement is due 
to electro-osmosis, which in turn arises from the presence of fixed charges. 
For a long time we have emphasized the importance of fixed charges in 
membranology. Without the fixed charges, there would have been no 
rhythmicity in this “membrane oscillator”. 

These fixed charge model membranes, whether they are macroscopic and 
porous, or on the dimensions of bimolecular mixed layers, are certainly worth 
studying more intensely, experimentally as well as theoretically. A con- 
spicuous example of what can be achieved, is the demonstration that a “sand- 
wiched” positive and negative membrane can behave as a solid state np- 
transistor, well-known from electrotechnology (Mauro). In recent years the 
fixed charge concepts have also been introduced in the field of electrobiology 
by many authors (Tasaki, Goldman, Grundfes# et al, Hodgkin 
and others). Perhaps we have here a way leading to the understanding of 
the transduction of mechanical stimulations into electrical signals as they 

















“Symposium on Biophysics and Physiology of Biological Transport” 339 


occur in the many mechano-receptors embodied in living organisms, because 
in systems of this type a coupling may occur between the electrochemical 
force and the pressure force (c.f. Te ore! 1962b). 

Going back, to the more chemical side of the transport phenomena one 
may wonder, what can be said in a summarizing way of “active transport”. 
This is often a vaguely defined concept, simply implying that by some route 
of feeding in chemical energy a preferential oneway transport of some 
material can be favoured. Such transports lead to “selectivity”, or “accu- 
mulation”. In this context a great many terms occur, also discussed at this 
Symposium, like “carrier transport”, “facilitated transport”, “pumping”, 
etc. In a broader sense, terms like “secretion”, “resorption”, “discharge” 
or “dislocation” (of granules, vesicles, etic.) belong within the frame of the 
term “active transport”. However, before finally resorting to “active” pro- 
cesses, implying complicated chemical reactions, we might be wise to analyze 
how far an alleged accumulation phenomenon of a substance may be ascribed 
to an effect of existing driving forces of a more physico-chemical nature. 
To illustrate this point let us write down in mathematical short-hand a 
definition of passive and active transport; 


(Cone. inside/Conc. outside)equi, = e2¥/"T - eV 4/RTu 


In this formulation the left-hand side denotes the ratio between the cells’ 
inside and outside concentrations in a steady-state. E is the total transmem- 
brane poten‘ial, V is a linear bulk flow velocity, d is the membrane thick- 
ness, u the mobility of the accumulating substance within the membrane 
and RT and F are conventional constants. If the left-hand side, determined 
by, say, chemical analyses, agrees with the right-hand side (as obtained from 
experimental measurements of the transmembrane potential and the bulk 
flow conditions implied in the second exponential), one says that the transport 
is “passive”. If the left-hand side is different, usually larger, than the right- 
hand side, one speaks of “active” transport. 

During the last fifteen years an abbreviated version of this tomate has 
been frequently in use, although usually employing only the first, “electrical” 
exponential. When the equality sign has been satisfied between the accu- 
mulation ratio and the exponential containing the transmembrane potential, 
one has spoken of “passive transport arising from an electrochemical poten- 
tial”. An inequality sign has usually been taken as an indication of an 
active contribution to the transport. This extra contribution may be written 
as a third exponential factor ( eAWiR?), if desired. Here A W denotes the con- 
tribution of energy from chemical reactions. Perhaps it would be less abstract 
to rewrite our reasoning on a logarithmic form as 


RT - In (Conc.,/Cone.,) = E+-F +Vd/u+AWw 





or in words, 

Accumulation work = electrical work + mechanical work + chemical work. 
Seen in this general fashion, the work of accumulation has to be equal 

to the sum of the work done by an electrical term (if applicable), a mechanical 

term arising from various sources of pressure gradients (osmotic, electro- 
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osmotic and hydraulic) and the actual work performed by the chemical 
reactions engaged in the transport. Evidently, we can again infer that one 
deals with a coupling between the driving forces, i.e., electrical and pressure 
forces and chemical forces. Hence, our problems of active transport can be 
stated as a search for the coupling links between the chemical energy release 
and the physico-chemical forces. A number of such attempts have been 
presented at this Meeting related to ATP-interactions. I feel, however, 
that a great deal more work has to be done before we can see the final 
blueprints of the “pumps”. 

Our remarks hitherto have been dealing to a great extent with the forces 
residing in the transport boundaries. These may be a single cell membrane 
or more complex tissue boundaries, like blood capillaries, epithelial layers. 
etc. There is also another aspect of cell forces I should like to draw attention 
to, namely the behaviour of the cell surface in relation to other 
cells. I wish to refer to such problems as the “suspension stability” of red 
blood cells, a number of immunological phenomena like “agglutination”, 
“flocculation”, “precipitation” and the concepts of “stickiness” and “wettabil- 
ity”. These are problems which especially are encountered by medical 
research workers, who may deal with the behaviour of the blood suspension 
or bacteriological interactions. Important medical issues, like the genesis 
of vascular thrombosis, belong to this category of problems. In these areas 
one has to define the surface forces, which cause repulsion, or the 
reverse, the clumping of suspended particles. In this field we again meet 
electrical concepts like the zeta-poitential, electrical double layers and so on. 
In fact, the properties which the cells expose on their outward surface can 
be analyzed in very much the same terms as those employed in defining 
the forces located within a cell membrane or elsewhere (c.f. Te ore 11 1965). 

If I may dare to formulate a “program forthe future’, ie., the 
problems to be solved, some of them could be stated as follows: 


1. We have to continue towards the ultimate goal of the biochemists and 
electron microscopists, that is a detailed knowledge of the constituents and 
the architecture of the living membranes and boundaries in the dynamic 
siate as well as in the static state. In particular, we need more knowledge 
about the physical and chemical properties of the oriented multilayers, which, 
in a sence, are two-dimensional liquid crystals. We must know more about 
their stability conditions, about phase transitions, their viscoelastic proper- 
ties and many, many other things. I would predict that surface chemistry, 
as we have seen indications of at this Symposium, may again become popular. 

2. Improved, or entirely new definitions of the kinetic laws governing the 
penetration into bilayers and transport across (as well as along!) such 
layers. As an example I wish to point out that Fick’s law, or the Nernst- 
Planck equation for electrochemical transport and potentials has been derived 
for boundaries thicker than about 100 A. In fact, at the present time the 
range between 2.5—-100A is a range without well-defined laws. This fact 
is so much more striking because this is the range of dimension within which 
many of the discussions at this Meeting has been kept, i.e., the dimensions 
of the electron microscope. 














“Symposium on Biophysics and Physiology of Biological Transport” 341 


3. We need more understanding of the intracellular driving forces, which 
govern such processes as “protoplasmic streaming”, “invaginations”, “vesicle 
formation”, “pinocytosis”, etc. Probably we have again to resort to theories 
and experiments of two-dimensional systems as encountered in surface and 
interfacial chemistry. With some exaggeration, one might perhaps state that 
the cellular world with all its multitude of “endoplasmatic reticulum”, “mito- 
chondria” and many other particles forms a “flat world”, where surface 
reactions dominate over the conventional three-dimensional reactions. 

4, Finally, as has already been alluded to, we have to resolve the present, 
rather vague terms “active transport”, “carrier transport”, “fascilitated trans- 
port” and “pumps” into rational systems, which reveal the exact nature of 
the coupling processes, especially between the chemical energy release and 
the transport events, as well as of the resulting electrical manifestations. 
This Symposium has shown that many promising attempts to solve these 
matters are well under way. 

This ends my recitation of pertinent problems, incomplete as it is. There 
is no need to emphasize that in order to be able to solve our problems we 
must first very carefully state or formulate our problems correctly, other- 
wise we will work just at random and lose time (and pleasure and satis- 
faction). During 35 years of active interest in permeability research, I have 
often found, that it is more difficult to discern, to define a problem than 
to solve it. There is no doubt that many challenging problems are still ahead 
of us. I must confess, that I envy the members of the younger generation who 
have entered our field of research. They will see the riddles solved, they will 
see our mistakes corrected and find our dreams fulfilled. 
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